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CHAPTER 1 : INTRODUCTION 
 
 
1.1 General Information 
Pedestrian concrete pavements have been widely constructed in Australia and around 
the world. Normally, pedestrian concrete pavements are constructed of continuous slabs 
1.0 – 2.0 m wide with transverse joints every 1.5 m – 3 m. The transverse joints are 
formed by a score line with a trowel on the fresh concrete or a saw cut made on the 
hardened concrete. The purpose of transverse joints is to avoid unplanned cracking in 
the slabs of pavements due to changes in environmental and loading conditions. In some 
cases when the cracking has occurred at a transverse joint, it is caused by tree root 
invasion or soil expansion or settlement. When the pavement cracks at the transverse 
joint, the two adjoining slabs are free to move up and down independently of each 
other. Problems arise when two adjoining slabs move up or down by a different amount. 
Such a differential vertical movement of adjoining slabs is known as “stepping 
displacement”, which is a major tripping hazard to pedestrians, particularly the elderly.  
 
The problem is especially serious in Western countries where the age group of 60 years 
and above is growing at a rate of 2.5% per annum (Pedestrian Council of Australia 
1999).  In the United States, tripping hazard incidents by pedestrians are the second 
largest generator of costs due to accidents and the leading cause of accidental death in 
senior citizens (Rice and Mackenzie 1989). For the elderly, tripping on the pedestrian 
concrete pavement can have serious impact on their quality of life – in some cases 
forcing the person into a nursing home far too early due to injuries sustained by 
pavement falls. This can mean the difference between a comfortable retirement and an 
invalid and dependent existence. 
 
In Australia, the responsibility for maintenance and repair of pedestrian pavements lies 
with the local councils. The repair of the cracked pavements is expensive, time 
consuming, and causes severe pedestrian disruption. With the current practice, the direct 
cost to the council is approximately $7 for grinding a joint (when the “stepping 
displacement” is small) or $20 for filling the gap with an asphalt ramp or $150 for 
completely replacing an affected slab. This is adding pressure on the budgets of local 
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councils. For example, in the maintenance and repair of pedestrians and bike paths due 
to stepping displacement is estimated to have cost Monash City Council $975,000 in 
2004. That is approximately $ 1 million for one just council. There are more than 650 
councils in Australia. Although not all councils have extensive pedestrian pavements as 
the Monash City Council, it is estimated that the cost for maintaining the pedestrian 
concrete pavements nationwide will be in the order of $ 100 million per annum in 
Australia. The cost to the governments of the United States was estimated to be about 
US $30 billion in 1994 and is projected to cost US $41 billion in 2020            
(Emgamder et al. 1996). Other countries like Canada are experiencing similar problems. 
(Pulp and Paper Health and Safety Association of Ontario Canada 2002). 
 
In addition to the economic issues mentioned above, there are related social and 
environmental issues as well. The current practice of grinding the concrete slabs in 
pavement maintenance generates not only disturbing noise but also a large amount of 
silica dust. The fine particles found in substances such as asbestos and silica are so tiny 
that they can get past the various levels of filters in the human respiratory system. The 
potential is for silica dust to cause serious lung diseases (McDonald 2000). Even with 
the council workers wearing protective masks during concrete grinding, the silica dust 
can cause long-term environmental damage when it finds its way into the water system 
from the site. 
 
In order to overcome this problem, studies on CFRP dowel, shear connectors and 
proposed innovative joiners have been carried out. These joiners are placed between 
adjoining slabs when the concrete is poured (Figure 1.1). When the concrete is cured, 
the pavement will become a series of linked slabs which can flex with the movement of 
earth thus minimising the relative displacement of adjoining slabs and the 
corresponding tripping hazard. The joint formed can be classified as a control joint 
incorporating a joiner, which makes crack control as well as load transfer between slabs 
possible. It has the advantage of being simpler to install than a dowelled joint whilst 
combining crack inducing action with a load transfer mechanism. 
 
 
 
Chapter 1 Introduction
 
 
 
 
Figure 1.1 Concrete footpaths with a shear connector 
 
 
 
1.2 Research Aims  
The aims of this study are:  
• To develop an understanding of the shear and load transfer mechanism with the 
joiners proposed for pedestrian concrete pavements for a given loading scenario.  
• To prove the effectiveness of the joiners in preventing stepping displacement.  
• To develop numerical models based on nonlinear contact problems of concrete-
joiner interface.  
 
The potential benefits of this research are: 
• Providing safe passage for pedestrians therefore reducing personal injury and 
litigation problems. 
• Minimising the ongoing maintenance and repair costs for local government. 
• Extending the life span of concrete pavements and therefore providing 
considerable cost and time savings. 
• Alleviating interruptions caused by repair operations (e.g. pedestrian traffic flow 
and other council & government services). 
• Alleviating negative environmental effects on neighborhood including local 
water ways. 
3 
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1.3 Organization of this Thesis 
1.3.1 Chapter 1 : Introduction 
In this chapter, the general information, basic assumptions and calculations, research 
aims and organization of the thesis are presented. 
 
1.3.2 Chapter 2 : Literature Review 
This chapter provides a literature review on related investigations carried out by various 
researchers. The chapter discusses the types of concrete pavements, aggregate interlock, 
concrete pavement joints, load transfer and joint spacing. In addition, this chapter also 
includes a review of previous studies based on 2D and 3D finite element (FE) modelling 
of pavement structures and joints. 
 
1.3.3 Chapter 3 : General Description of Experimental Testing and Numerical  
Modelling Programme 
This chapter describes the experimental program in detail. This chapter discusses the 
test rig design, test setup and the testing of concrete pavements. The main focus of the 
experimental program is on the difference between the vertical movements of adjoining 
slabs – the stepping displacement. Besides, the testing of material properties such as 
concrete, EPDM rubber and PVC is also discussed. 
 
1.3.4 Chapter 4 : Assessment of CFRP Dowels in Pedestrian Concrete Pavements 
This chapter presents the testing of CFRP dowels using a scaled concrete pavement 
specimen subjected to different loads ranging from 0kg to 160kg. The pavement is 
75mm thick and, 3,500 mm long and 500 mm wide. This study focuses on stepping 
displacement of the slab as well as load transfer efficiency of the CFRP dowels. 
 
1.3.5 Chapter 5 : Study on Shear Connectors as Control Joints. 
This chapter presents laboratory tests conducted to investigate the behaviour of shear 
connectors (EPDM rubber joiner and PVC joiners) in concrete pavements. The study 
focuses on stepping displacement. A full scale prototype concrete pavement 5,000 mm 
length, 1,500 mm wide and 75 mm thickness was cast on a steel frame. A series of tests 
with loading on the slabs ranging from 0 to 490 kg was conducted. 
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1.3.6 Chapter 6 : Proposed Joiners as Innovative Control Joints 
This chapter proposes several joiners to be used as control joints in pedestrian concrete 
pavements. A similar concrete pavement specimen as the one in Chapter 4 was used. 
This study focuses on stepping displacement, the most critical measurement for 
assessing the adequacy and performance of proposed joiners. 
 
1.3.7 Chapter 7 : Numerical Models for Shear Connectors  
This chapter presents 3D FEA models of shear connectors. The FEA results are 
compared to the laboratory experimental data. A brief description of the interfaces 
between the shear connectors and the concrete is presented. The applied loads, 
boundary conditions and the material model properties are also discussed. In general, 
the FEA results compare well with the experimental results. 
 
1.3.8 Chapter 8 : Numerical Models for Proposed Joiners  
In this chapter, 3D FEA models for the proposed innovative joiners are presented. The 
types of interfaces between concrete and proposed joiners, the applied loads and 
boundary conditions, and the material models are discussed. To investigate the accuracy 
of the theoretical models, the FEA results are compared to the laboratory test results. 
 
1.3.9 Chapter 9 : Development of a Simple, Low Cost and Effective Concrete  
Joiner Strips as Innovative Control Joints 
This chapter contains a detailed study to improve the shape of one of the proposed 
innovative joiners under some selected design parameters. The application of a 3D FEA 
model is discussed. A scaled concrete pavement specimen tested in order to compare 
the results of 3D FEA model is also discussed. 
 
1.3.10 Chapter 10 : Conclusions and Recommendations 
 
Finally, general conclusions obtained from the previous chapters are drawn in this 
chapter. Also, related problems that warrant further research are suggested. 
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CHAPTER 2 LITERATURE REVIEW 
 
 
2.1 Introduction 
This chapter presents a literature review of previous studies related to concrete 
pavements, the types of joints used in concrete pavements, the methods available to 
resist shear loads,  dowels, cracking in concrete pavements, etc. When concrete is used 
for pavement, cracking of the slab can be caused by friction and environmental changes 
such as shrinkage during curing, temperature and moisture changes. In order to control 
the location of the cracks, joints are incorporated into the pavement. These joints act as 
inherent planes of weakness where cracks will occur, thereby preventing random 
cracking. However, design of the joint requires such applied load must be transferred 
across the transverse joint to the adjacent slab. Load transfer can be to resist shear 
forces and control differential movement therefore reduce joint fault and serviceability 
problems. 
 
 
2.2 Concrete Pavements 
Concrete pavements have been used widely in road, highway, airport and pedestrian for 
the past eight decades. Concrete pavements are dynamic systems subjected to 
movements resulting from loading and environmental changes. In order to control the 
natural cracking associated with moisture changes and temperature variations, concrete 
pavements are constructed with transverse and longitudinal joints. Such joints are 
supposed to alleviate concrete slab movements during contraction or expansion and 
relieve stresses due to environmental changes.  
 
However, to reduce the deflection and bending stress along the slab edges, dowel bars 
are installed across transverse joints to transfer the load between adjacent slabs 
(Hodgkinson 1982a). The slab discontinuity within transverse joints constitutes the 
theoretical region that can initiate pavement distress (William 2003). The dowel bars 
produce a significant resistance to the slab movement during contraction or expansion. 
In view of the fact that such restraints cause severe cracks, their control is eminent. This 
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requires a deep understanding of the behaviour of aggregate interlocking and a dowel 
jointed concrete slabs under different environmental changes. 
 
The average expected service life of a concrete pavement is about 30 years. Although 
this life is shorter than 50 years service life expected of other concrete structures   
(Bontz et al. 2002), concrete pavements usually deteriorate rapidly and do not survive 
their expected service life. Concrete pavements suffer several types of distress as a 
consequence of dynamic loading and variations in environmental conditions. Most of 
the observed concrete pavement failures are of a structural nature and cannot be 
attributed to weakness or disintegration of the concrete itself.  
 
Concrete pavement deterioration usually occurs at the slab center in the form of 
transverse cracks or at the region of transverse joints. Joint distresses include faulting, 
pumping, spalling and premature cracking (Ioannides et al. 1990). Such distresses result 
in poor traveling quality and lessen the expected lifetime of the concrete pavement. A 
great number of concrete pavement sections are resurfaced each year to halt 
deterioration and enhance the travel quality. Attempts to overcome the cracking 
problem by increasing the concrete slab thickness did not reduce the premature distress 
of concrete pavements (William 2003). As a result, the economic burden for repairing 
and maintaining existing pavements is rapidly increasing and becoming a significant 
portion of the annual maintenance budget. 
 
 
2.3 Concrete Pavement Joints 
Joints are installed in concrete pavements to control stresses induced by volume change 
in concrete and to allow for a break in construction at the end of the day’s work. Joints 
must fulfil a number of functions. They must permit slabs to move without restraint but 
they must not unduly weaken the pavement structurally. There are three standard types 
of transverse joints used in concrete pavements. They are the contraction joint, the 
construction joint and the expansion joint. They are constructed in concrete pavements 
to mainly relieve the stresses resulting from friction and environmental changes.  
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The joints act as a structure by which load is transmitted between loaded and unloaded 
slabs (Kawmura et al. 1993). Their load transfer capabilities are critical for pavement 
performance since concrete pavement slabs may fail because of joint deterioration    
(Kuo 1997). The use, construction, and method of shearing resistance of the joints are 
explained in the following sub-sections. 
 
2.3.1 Contraction Joints 
Contraction joints are the most commonly used joint in concrete pavements and they are 
normally placed at every 5 to 6 m to permit movement of the slabs. The joints are 
intended to relieve the tensile and bending stressed due to traffic loading, cement 
hydration, temperature, moisture and friction. Transverse contraction joints regulate the 
location of the cracking caused by dimensional changes in the slab (FHWA 1990). For 
this type of joint, load is transferred between slabs either by grain interlock or by dowel 
bars. If dowel bars are used, the joints are crossed by a row of dowels which are set up 
on chairs to hold them in place and at the proper elevation. The dowels are greased 
before concrete is cast. The greasing of the bar prevents the concrete from bonding and 
consequently allows for movement of the slab.  
 
Once the concrete is set, a saw is used to cut at least one quarter, but not more than one 
third, of the concrete thickness above the centre of the row of dowels to ensure that 
cracking will be induced at these locations and that there is adequate load transfer 
across the joint by the action of aggregate interlock (C&CAA 2004). Guide to 
Residential Streets and Paths (C&CAA 2004) recommends the detailing of transverse 
contraction joints as shown in Figure 2.1. The joint creates a plane of weakness where 
the crack will form due to shrinkage of the concrete during curing. The crack allows 
dowel action to take place, and since the crack faces are rough, aggregate interlock will 
also be effective in resisting shear. 
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Figure 2.1 Contraction joint details (C&CAA 2004) 
 
2.3.2 Construction Joints 
Construction joints are used to facilitate construction. The joints can be planned or 
unplanned in the concrete casting. Where the concrete stops, the joints are typically 
formed by a header board placed on the sub-base at right angles to the pavement centre 
line. The dowels are inserted into the concrete through pre-drilled holes in the board. 
This type of joints is formed either as contraction or tie joints, or as simple doweled butt 
joints as shown in Figure 2.2. The doweled butt joint of one end still allows some slab 
movement even though the other end is bonded to the concrete. Since the board creates 
a relatively smooth surface, aggregate interlock becomes ineffective across the joint. 
Therefore, only dowel action can be used to develop the shear resistance. 
 
 
Figure 2.2 Construction joint details (C&CAA 2004) 
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2.3.3 Expansion Joints 
Figure 2.3 shows the details of an expansion joint. An expansion joint provides space 
for the pavement expansion to reduce compressive stresses and prevent blowups. The 
joint is usually 10 mm to 25 mm wide with filler in the space. Expansion joints are 
common in pedestrians and bike paths. The dowel bars are set up similarly to those at 
contraction joints and the filler is placed at the centre of the joint. The load is 
transferred through dowel bars since this type of joint has no aggregate interlock. For 
light pavements, load transfer may not be important. However, if there is soil 
movement, the use of dowels will maintain vertical alignment. Expansion joints are 
difficult to maintain, susceptible to pumping and permit adjoining contraction joints to 
open too wide resulting in a loss of aggregate interlock and sealant damage          
(Huang 1993).  
 
 
Figure 2.3 Isolation or expansion joint details (C&CAA 2004) 
 
2.3.4 Joint Spacing 
From an economic point of view, slabs should be as long as possible to minimize the 
number of load transfer assemblies required but short enough to prevent transverse 
cracking (Kelleher and Larson 1989). Shorter slab lengths require a larger number of 
joints and therefore incur higher construction costs. The lower the number of joints the 
fewer the number of joint related pavement problems. Shorter slabs have several 
advantages including less joint faulting, improved aggregate interlock, lower curling 
and warping stresses compared to longer slabs, reduced slab movement which means 
lower friction forces at the slab / base interface and reduced maintenance. Provisions of 
Table 2 of AS3727 (1993) summarized below in Table 2.1 indicate that control joints 
should be spaced at least at 2 m intervals. 
10 
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Table 2.1 Typical concrete pavement specification for residential applications,  
                        (AS3727 1993) 
 
Alternative 1 
Un-reinforced 
Alternative 2 
Reinforced 
Alternative 3 
Reinforced 
 
 
Traffic 
 
Minimum 
slab 
thickness 
mm 
Maximum 
control 
joint 
spacing 
Minimum 
reinforcing 
fabric 
Maximum 
control 
joint 
spacing 
Minimum 
reinforcing 
fabric 
Maximum 
control 
joint 
spacing 
Minimum 
reinforcing 
fabric 
Foot & 
bicycle 
75 2 NA NA NA NA NA 
Light 
Gross 
mass not 
exceeding 
3 tonnes 
 
 
100 
 
 
2 
 
 
NA 
 
 
3 
 
 
F52  
(SL52) 
 
 
6 
 
 
F62 (SL62) 
Medium 
Gross 
mass not 
exceeding 
10 tonnes 
 
 
150 
 
 
2 
 
 
NA 
 
 
4 
 
 
F72 (SL72) 
 
 
6 
 
 
F82 (SL72) 
 
A research study by Smith et al. (1990) shows that the amount of transverse cracking is 
related to the slab length (L) and to the radius of relative stiffness (l), which is computed 
using the Equation 2.1.  
 
l = 4 2
3
)1(12 kv
Eh
−      Equation 2.1 
 
where  
  l = joint spacing (mm) 
E = modulus of elasticity of concrete (GPa) 
h  = the thickness of the concrete slab (mm), 
   = poisson ratio of concrete v
  k = modulus of subgrade reaction (GPa) 
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It has been shown (Smith et al. 1990) that transverse cracking increases as the ratio L / l 
exceeds five. For a maximum ratio L / l ratio of five, the allowable joint spacing 
increases with increased slab thickness, and decreases with increasing the stiffness of 
the foundation. 
 
2.3.5 Joint Movement 
Joint movement comprises of two components, shrinkage due to curing and thermal 
expansion / contraction, where thermal expansion and contraction includes the 
components of slab warping. With the initial shrinkage of the curing concrete, the joint 
will open up. When the concrete pavement cools down in the evening, the joint widens 
as a function of the slab length. This increased joint width due to the temperature 
differential can be calculated using the Equation 2.2 
 
∆L  =  C L (α  ∆T +e)    Equation 2.2 
 
 where 
  ∆L = change in joint width in mm 
  C = frictional restraint 
(0.65 for stabilized material and 0.8 for granular) 
  L = length of spacing in mm 
  α = thermal expansion coefficient of concrete 
    (1.1 x 10-5 mm / mm / ºC) 
  ∆T = change in temperature in ºC  
e = shrinkage coefficient of concrete 
    (0.5 – 2.5 x 10-4 mm / mm) 
    (e = 0, if maintenance work is on an existing pavement). 
 
2.3.6 Joint Effectiveness 
The American Concrete Paving Association (ACPA 1992) provides information on 
concrete pavements used for street construction. In order to determine the usefulness of 
a concrete pavement joint, ACPA uses Joint Effectiveness to measure the performance 
of the joints. If a joint is 100 percent effective, the deflections on both sides of the joint 
are equal due to the sharing of the applied load. Zero percent effectiveness means the 
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unloaded side is experiencing no deflection at any specific load level. The measure of 
Joint Effectiveness is based on upon the measure deflections of the loaded and unloaded 
side of the joint as given in Equation 2.3. A joint is considered adequate if the 
effectiveness is 75 percent or greater. 
   
E = 
ut
u
dd
d2
+ x 100     Equation 2.3 
 where 
  du = deflection on the side of the joint without the direct  
application of load or the unloaded deflection 
  dt = the deflection on the loaded side. 
 
 
2.4 Loading 
The size and loading regulations are determined by government bodies to ensure safety 
of pesidential streets and paths. Provisions of table 3 of AS3727 (1993) summarized 
below in Table 2.2 indicate that the minimum breaking load of each paving unit. 
 
Table 2.2 Weight requirements for residential applications, (AS3727 1993) 
Traffic Minimum slab 
thickness (mm) 
Minimum breaking 
load (kN) 
Foot & bicycle 75 2 
Light traffic 
(gross mass not exceeding 3 tonnes) 
100 3 
Medium 
(gross mass not exceeding 10 tonnes) 
150 5 
 
2.4.1 Load Transfer 
Load transfer is based upon the effectiveness with which a joint can transfer the applied 
load to an adjacent slab. Load transfer is also defined as the transfer or distribution of 
load across discontinuities, such as joints or cracks (AASHTO 1993). Load transfer 
systems of concrete pavements have been theoretically and experimentally investigated 
since 1930s (Benkelman 1933; Teller and Southerland 1935; Teller and Southerland 
13 
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1936; Teller and Southerland 1943) but a satisfactory solution has not been found for 
the load transfer mechanism across transverse crack for the effective maintenance of 
concrete pavements.  
 
In an ideal situation, both sides of a crack or joint share in supporting the load as it is 
transferred from one side of the crack or joint to the other. When a load is applied at a 
crack or joint, both loaded slab and adjacent unloaded slab deflect. The amount the 
unloaded slab deflection is directly related to joint performance. The damage to 
concrete pavements can be reduced through this load sharing (Poblete et al. 1988). 
Prefect joints make both loaded and unloaded slabs deflect equally, signifying a full 
load transfer. However, poor joints, providing inadequate alignment, experience 
cracking and consequently, will have a less effective load transfer. The concept of load 
transfer is shown in Figure 2.4 
 
Figure 2.4 Load transfer concept (Srinivasan 2001) 
 
The ratio of the deflection on the unloaded slab to that on the loaded slab is termed the 
deflection load transfer efficiency (LTE) and that can be computed using Equation 2.4. 
Use of LTE assumes the amount of load transfer across a crack is directly proportional 
to the relative deflections of the unloaded and loaded slabs of the crack (Pierce 1997). 
For cracks with high LTE levels, both slabs share deflections and stresses, thereby 
reducing the magnitude of both of these factors. The value of LTE depends on 
temperature, joint spacing, number and magnitude of load applications, foundation 
14 
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support, aggregate particle angularity and the presence of mechanical load transfer 
devices, etc.  
LTE   = 
L
U
δ
δ x 100  
Equation 2.4
 
where   
LTE = deflection load transfer efficiency (%) 
δL = deflection of the adjacent unloaded slab (mm) 
  δU = deflection of the loaded slab (mm) 
 
In the current construction practice, dowel bars provide a mechanical connection 
between the slabs without restricting horizontal joint movement. They increase load 
transfer efficiency by allowing the approach slab to assume some of the load before the 
load is directly transferred over it. This reduces joint deflection and stress in the 
approach and leave slabs. Dowel bar diameter typically varies from 12 to 32 mm 
(usually one–eight of the slab thickness) with lengths varying from 250 to 500 mm 
(Hodgkinson 1982b). Bar spacing generally is 300 mm from centre to centre of the bars 
and are usually placed at the mid-slab depth.  
 
They are only bonded to the concrete on one side and the freedom of movement on the 
other side is ensured by painting or lubricating the other end of the dowel by enclosing 
in a sleeve, or by other similar methods. It is essential that such a freedom of movement 
be provided in the design and placing of the dowel bars since the purpose of the joint is 
to transfer the load transversely, not horizontally. The testing of the effectiveness of 
alternate materials such as fibre-reinforced plastic as opposed to traditionally used steel 
dowels as load transfer devices is the subject of some ongoing research (Porter 2003). 
In this thesis, materials, alternate shapes, and different methods, CFRP dowels, shear 
connectors and proposed innovative joiners are investigated. 
 
2.4.2 Aggregate Interlock 
Aggregate interlock is based upon the friction and bearing of aggregates against each 
other as a shearing force is applied to propagate a crack. Rough aggregates, like crushed 
aggregate, have high friction coefficients and high shear resistance shear capacity and 
15 
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therefore, provide good interlock. In contrast, natural gravel, or aggregate that have 
been weathered or have polished surfaces are not as effective in providing interlock.  
Aggregate interlock becomes ineffective when the space between joint surfaces is large 
enough that the aggregates are no longer in contact with each other.  The displacement 
of the pavement will create a differential vertical movement at the joint. This 
differential movement, if significant, can affect the serviceability of the pavement and 
cause joint damage.  
 
The shearing resistance due to aggregate interlock in the presence of dowels can be 
calculated, using the shear friction theory as presented by both Birkeland and Halvard 
(1966) and Mast (1968). This theory relates the friction force developed along the 
cracked surface to the tensile force developed in a dowel crossing the crack. As slip 
occurs along the rough shear plane, the two faces are forced apart due to the protruding 
aggregate. This separation creates a tensile force in the dowel if it is bonded to the 
concrete. In turn, a compressive force is created in the concrete in equilibrium with the 
tensile force and it pushes the two faces back together (Hofbeck et al. 1969). This 
maintains a frictional resistance to slipping which resists the applied shear as shown in 
Figure 2.5.  
 
Figure 2.5 Shear friction theory (Hofbeck et al. 1969) 
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From the shear friction theory, if the shear plane is under reinforced, the reinforcements 
will eventually reach their yield point. Therefore, the tension force can be 
approximately estimated using total area of reinforcement crossing the shear plane until 
the reinforcement reach the yield point. As a result, the compressive force, which 
opposes the tensile force and pushes the faces together, is equal in magnitude to this 
tensile force. Therefore, the shear force which is normal to the compressive force can be 
calculated as the product of the compressive force and a coefficient of friction for 
concrete. The shear resistance of the concrete can be estimated as Mattock and Neil 
(1972). 
 
  Vc = µ As fy      Equation 2.5 
 
 Where 
   µ = coefficient of friction for concrete 
  As = total area of reinforcement crossing the shear plane. 
  fy = reinforcement reach to yield point. 
 
The total shear resistance is typically a combination of aggregate interlock and dowel 
action of the bar as explained below. 
 
2.4.3  Dowels 
Dowel action is the second mechanism which provides resistance to the applied shear 
forces when dowel bars are provided across a joint. As the two concrete slabs move 
relative to one another, the dowels are subjected to a shearing action, which is 
commonly referred to as dowel action. There are two methods available to predict the 
amount of shear which can be resisted by the dowels. The first method is concerned 
with the behaviour of the portion of the dowel within the joint, while the second method 
deals with the behaviour of the portion of the dowel embedded in the concrete.  
 
2.4.3.1 Dowel Action Mechanism 
This method, which focuses on the dowel within the joint, assumes that the shear 
resistance of the dowels is dependent on the specific dowel action mechanism that 
develops and is a function of the total cross-sectional area of the bars crossing the joint 
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(Paulay et al. 1974). Three different mechanisms can occur for dowels and they are 
dependent on the joint width. These mechanisms are flexure of the dowel bar, shear 
resistance of the dowel bar and kinking of the dowel bar. Normally, shear and kinking 
mechanisms are the principal ones which occur. The three mechanisms are illustrated in 
Figure 2.6 
 
 
Figure 2.6 Dowel action mechanisms (Paulay et al. 1974) 
 
The following corresponding equations evaluate each mechanism. 
 
Flexural mechanism, Vd = 
l
fAd ysb
π3
4
    Equation 2.6 
Shear mechanism, Vd = 
3
ys fA      Equation 2.7 
Kinking mechanism, Vd = As fy cos Ө    Equation 2.8 
 
 where  
   db = diameter of the dowel 
As = the area of the dowel crossing the joint 
   fy = yield strength of the dowel 
   l = the joint width 
   Ө = kinking angle. 
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These equations can be used only if the dowels are not subjected to tensile forces (Park 
and Paulay1975). In cases of combined shear and tensile loads, the shear strength will 
be less than the values predicted by the preceding equations. 
 
2.4.3.2 Ultimate Strength of the Dowel 
This theory states that the ultimate strength of the dowel can be predicted based upon 
the beam on an elastic foundation theory using the portion of the dowel embedded in 
the concrete (Soroushian et al. 1986).  The theory was developed for dowels which 
were subjected to pure shear, with the dowel being modelled as a beam on an elastic 
foundation. The dowel bar is subjected to a shear force, D, at the concrete face and an 
axial force, T, along the length of the bar which has an angle ά to the loading plane as 
shown in Figure 2.7.  
 
 
 
Figure 2.7 Beam on an elastic foundation model 
 
Figure 2.7 also shows the bearing stress distribution along the dowel as well as its 
bending moment distribution. A simplification of the applied loading and stress 
distribution is also shown to simulate the failure condition. The simplification assumes 
that the concrete is crushed to a distance, c from the concrete face. The crushed zone 
can be evaluated using the Equation 2.8 which is proposed by Dulacska (1938) 
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  c = αsin05.0
c
by
f
df
    Equation 2.9 
 
 where  
  fy = yield strength of the dowel 
db = diameter of the dowel 
fc  = compressive strength of the concrete 
  ά = angle to the loading plane. 
 
From the end of the crushed zone to a distance χ within the concrete along the bar 
where the maximum bending moment occurs, the bearing stress is assumed to be 
equivalent to the bearing strength of the concrete. According to this theory, the distance 
χ can be calculated using Equation 2.9. 
 
  χ = 
44
ss IE
K
π                Equation 2.10 
 
where  
Es  = modulus of elasticity of the dowel 
Is  = moment of inertia of the dowel  
K  = elastic foundation stiffness, which is function of the  
concrete foundation modulus, Kf  
 
Kf can be found as follows 
  Kf  =  
bd
K                 Equation 2.11 
 
The typical value of Kf is approximately 270 MPa / mm.  Therefore concrete foundation 
modulus is a constant for a given system and it depends on the concrete, the dowel 
matter and diameter (Porter et al. 1993) 
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The bearing of the concrete, fb, can be calculated using the Equation 2.11 
  
  fb = 
3
6.37
b
c
d
f
               Equation 2.12 
 
where 
 fc  = compressive strength of the concrete 
db = diameter of the dowel 
 
These equations are obtained from a regressional analysis performed on results of tests 
which measured the bearing strength concrete at the instant of split cracking 
(Soroushian et al. 1986) 
 
For dowels, the bar is assumed to fail when the moment within the dowel reaches the 
plastic moment, Mp. This can be approximated for a round bar subjected to an axial 
force, T as follows : 
  Mp = ⎟⎟⎠
⎞
⎜⎜⎝
⎛ − 2
23
1
6 y
by
T
Tdf               Equation 2.13 
 
where Ty is the axial yield strength of the dowel, which is simply equal to : 
  Ty = 
4
2
b
y
df π  
 
Using these equations and the equilibrium equation of forces at a distance χ, the 
expression given below can be obtained to predict the ultimate load, Du, which the 
dowel bars can resist, as follows (Soroushian et al. 1986) 
  Du = ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −+− 2
22
2 1
45.0
37.05.0
y
by
bb T
Tdfcdf γγ Equation 2.14 
 where   
γ = 4
bf dK
E  
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The basic theory of an infinitely long beam on an elastic foundation was originally 
derived by Timoshenko and Lessels (1925) and later applied to the specific case of a 
finite length dowel within concrete by Friberg (1938). For this specific case, Friberg 
developed a relationship to calculate the points along the dowel where there is a change 
in the direction of the pressure exerted on the concrete. These points represented by Ln 
can be calculated using the following equation : 
 tan β Ln = 
l
l
β
β+2                Equation 2.15 
where 
  β = 4
4 ss
bf
IE
dK
 
 
where β is a constant for a given system and l is the joint width. Friberg (1938) also 
concluded that the length of a dowel needs not be larger than the second point of 
pressure change on each side of the joint. 
 
2.4.4 EPDM and PVC Shear Connectors 
In 2000, TripStop Pty Ltd proposed to have a shear connector placed between the 
adjoining slabs when the concrete is poured. The shear connector is made of EPDM 
rubber (a similar material to that of car tyres). When the concrete is cured, the pavement 
will become a linked series of slabs that can flex with the movement of the earth. 
Because the slabs are held in alignment by the shear connector, the pavement will 
maintain a smooth surface even when the slabs experience substantial (50 to 100 mm) 
vertical movement – and thus tripping hazard will be effectively minimised.  
 
TripStop Pty Ltd has already lodged patent applications to protect this idea and 
registered “TripStop” as the trade mark for the joiner. In July 2003, the author started 
full scale tests on the EPDM shear connector at the RMIT Heavy Structures Laboratory 
with financial support provided by TripStop Pty Ltd. Preliminary results seemed to be 
promising. But it was found that the EPDM joiner was too soft. Later, the author 
proposed an alternative material for shear connector. This lead to TripStop Pty Ltd 
changing the material of shear connector from EPDM rubber to PVC. The detailed 
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testing for both materials of EPDM rubber and PVC as shear connectors is presented in 
Chapter 5.  
 
 
2.5 Cracking in Concrete Pavements 
Cracking in concrete pavement is unavoidable due to the pavement’s low tensile 
strength and low extensibility. If these cracks are too wide they destroy the aesthetics 
and serviceability of the structure. If the concrete pavement is installed with dowels, 
they will corrode when moisture get into these cracks. To minimize these adverse 
effects, the design of concrete pavement structures must ensure that the crack widths 
under normal service conditions are maintained within acceptable limits. In addition to 
the aesthetic concerns and possible corrosion of dowel, cracking of pavement will cause 
a significant reduction in the bending stiffness. Therefore, in assessing the movement of 
concrete pavement, it is necessary to incorporate the effect of pavement cracking into 
the calculations.  
 
2.5.1 Allowable Crack Widths in Concrete Pavements 
The maximum crack width that may be considered, not to impair the appearance of a 
structure, depends on various factors including the position, length, and surface texture 
of the crack as well as illumination in the surrounding area. According to Park (1975), 
crack widths in the range 0.25 to 0.38 mm may be acceptable for aesthetic reasons. 
Crack width must not endanger the concrete structure. AS3727 (1993) allowable crack 
width in bound pavements is 1.5 mm. Table 2.3 shows the maximum allowable crack 
widths recommended by ACI Committee 224 (1972).  
 
Table 2.3 Maximum allowable crack width (ACI Committee 224 1972) 
Exposure Condition Maximum allowable crack  
width (mm) 
Dry air or protective membrane 0.40 
Humid, moist air or soil 0.30 
De-icing chemicals 0.20 
Seawater and seawater spray; wetting and drying 0.15 
Water retaining structures 0.10 
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2.5.2 Causes of Cracking 
Cracks formed in concrete pavements can be classified into two main categories, 
namely cracks caused by externally applied loads and those which occur independently 
of the loads (Base 1978).  Flexural cracks and inclined shear cracks are the two main 
types of cracks caused by external loads. Flexural cracks are formed in the tensile zone 
of the member and have a wedge shape, with the maximum crack width at the tension 
face and zero width near the neutral axis. Shear cracks are diagonal and transgranular 
cracks caused by shear stresses. 
 
Cracks developed in restrained members due to concrete shrinkage or temperature 
change fall into the second category of cracks, which are independent of applied loads. 
In thin restrained members such as pavements these cracks may extend through the 
entire cross section, usually having an approximately uniform width (Warner et al. 
1998). If the width of these cracks is not properly controlled, they may disrupt the 
integrity of the structure and reduce the bending stiffness considerably thus resulting in 
large movement. Such differential movement can be created joint damage and 
serviceability problems. 
 
 
2.6 Concrete Strength and Durability 
The principal properties of concrete are: 
 
• Compressive strength 
• flexural strength and 
• durability 
 
The designer is mainly interested in the properties of the hardened concrete. However, 
since concrete is in a plastic condition when placed; its placing, compaction, finishing 
and curing are of utmost importance in achieving the kind of hardened concrete with 
desired properties. The strength of concrete used in pavements is usually specified in 
one of two ways: 
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• Compressive strength – measured by crushing a cylinder along its vertical axis 
(AS1012.9 1999) 
• Flexural strength – measured by breaking a beam in flexure (AS1012.11 2000) 
 
When, under vehicular traffic, a concrete pavement is loaded to the point of fracture, the 
concrete fails in flexure rather than compression. For this reason, the concrete thickness 
design is based on flexural strength rather than compressive strength. Flexural strength 
in the range of 3.5 MPa to 4.25 MPa are typically specified for concrete pavements. 
Compressive strength testing is usually used as an indirect measure of flexural strength. 
A 28 day 4.25 MPa average flexural strength will typically be obtained by a 28 day 
characteristic compressive strength in the range of 32 – 40 MPa.  
 
Concrete should have adequate durability to resist deterioration and wear under service 
conditions. To achieve this, concrete should have sufficient abrasion resistance and an 
adequate level of impermeability. Measures taken to maximise the strength of the 
concrete will also enhance its durability. These include: 
 
• good quality aggregates and cement 
• proper placing and compaction 
• proper curing 
 
 
2.7 Vertical Movement of Pedestrian Concrete Pavements  
Pedestrian concrete pavements are constructed as long and continuous slabs. These 
concrete slabs are “divided”, when wet, by a trowel (as a score line) every meter or so 
to provide a breaking line that will allow the pavement to crack at the score line without 
stressing and breaking individual slabs. However, after the pavement cracks at the score 
line, the two adjoining slabs are free to move up and down independently of each other. 
The vertical movements can be caused by tree root invasion and soil expansion or 
settlement. Such a differential vertical movement may cause joint damage and 
serviceability problems such as tripping hazard to pedestrians. 
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2.7.1 Economic Issues 
In Australia, the responsibility for maintenance and repair of pedestrians lies with the 
local councils. With the escalating costs of insurance claims and litigations, all local 
councils in Australia have to allocate substantial funding in the annual operating and 
maintenance budgets for repairing / replacing misaligned slabs of concrete pavements. 
With the current practice, the direct cost to the council is approximately $7 for grinding 
a joint (when the “vertical movement” is small) or $20 for filling the gap with asphalt 
ramp or $150 for replacing an affected slab completely. Often “perfect” slabs (with no 
cracks) have to be broken up and replaced due to significant differential vertical 
movement.  
 
2.7.2 Social and Environmental Issues 
The current practice of grinding the concrete slabs in pavement maintenance generates 
not only disturbing noise but also a large amount of silica dust. The fine particulars 
found in substances such as asbestos and silica are so tiny that they can get past the 
various levels of filters in the human respiratory system. The potential for silica dust to 
cause serious lung problems is well recognised by insurance companies internationally. 
Even with the council workers wearing protective masks during concrete grinding, the 
silica dust can cause long-term environmental damage when it finds its way into the 
water system from the site.  The grinding of pavement only provides a temporary fix to 
the problem. Within a short period of time the pavement can distort yet again, especially 
when the shear is caused by tree root invasion where the active root system of a mature 
tree can disrupt a pavement in as little as three months. This means that the pavement 
must be either ground again or replaced completely (Local Government Focus, 2005).  
 
Besides that, a huge amount of paperwork and time required in handing cases where the 
pavement displacement has resulted in an injury and legal actions have been taken 
against the council concerned. For the elderly, tripping on the concrete pavement can 
have serious impact on the quality of life – in some cases forcing the person into a 
nursing home far too early due to injuries sustained from pavement falls. This can mean 
the difference between a comfortable retirement and an invalid and dependent existence 
(Local Government Focus, 2005). 
 
Chapter 2 Literature Review
 
 
27 
2.8 Current Practice of Pedestrian Concrete Pavements Treatment by the  
Local Councils in Australia 
 
2.8.1. Pavement Slabs Subject to Tree Growth 
As tree roots cause most of Council’s pavement problems, it is necessary when 
repairing sites to try and prevent a continuation of the trip hazard when the roots 
continue to grow. Consideration also needs to be given to not continue with any further 
tree planting schemes and just concentrate on removal and replacement programs. 
Following excavation of a known trip hazard site caused by tree roots pushing up the 
concrete slab, the Tree Management Officer inspects the site to determine if the root can 
be removed without causing the tree to ultimately die. If the tree root can be removed, 
the area is excavated to the level of the surrounding pavement. Replacement slabs are 
made of 25 MPa concrete of at least 100 mm in thickness and with F72 reinforcing 
mesh. If the tree root cannot be removed, the slab directly over the roots is removed as 
well as the slabs on either side of the area. All slabs are then replaced using F72 
reinforcing mesh and key joints added at each joint. This is to allow a bridging action, 
as the tree root continues to grow. 
 
2.8.2. Pavement Slabs Subject to Vehicular Movement 
In many areas, vehicles park or drive on the pavement because the adjoining road is 
heavily utilized. In such areas, pavement slabs that are broken need to be replaced 
because they constitute a trip hazard. Replacement slabs are a minimum of 100 mm 
thick and reinforced with F72 reinforcing mesh. Where driveways exist, any 
replacement should be in accordance with Council’s Standard Drawing details with an 
accessment of the likely use of the site. Where possible to prevent vehicles parking on 
Council’s pavements, it has been and may continue to be necessary to install bollards 
adjacent to driveways. The bollards should be highly visible and have reflective tape 
attached so that they are visible at night. 
 
2.8.3. Pavement Slabs Subject to Minor Displacement 
Where the replacement between pavement slabs is less than 10 mm and the slabs is 
good condition with no visible signs of cracking, it is possible to grind the higher slab 
using a concrete grinder until it matches the adjoining slab. This treatment should not be 
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used more than two times as continued grinding will reduce the slab thickness and its 
ultimate strength. The slab should be ground smooth and not leave any roughness. 
 
2.8.4. Pavement Slabs Associated with Openings 
When utility openings in Council’s pavements are required, it is necessary for the 
contractors involved to saw cut the edges of the opening to allow for replacement of 
concrete pavement restoration. The size of the opening is subject to Council’s 
requirements but should not be less than 300 mm wide. Both temporary and permanent 
restoration should be in accordance with Council’s specifications. Any trenched area 
needs to be properly compacted prior to replacing the concrete. Any concrete poured 
into a trench across a driveway should be reinforced in accordance with Council’s 
Standard Drawing. 
 
 
2.9 Finite Element Model 
Finite element method (FEM) has been used in concrete pavement analysis for decades. 
Many researchers have modelled the response of rigid pavement and dowel systems to 
applied static, dynamic and thermal loadings. Initially, two dimensional (2D) finite 
element programs, that rely on plate elements to describe the pavement slabs and base 
layers, were developed. These programs attempted to capture some of the more 
complex aspects of the behaviour of rigid pavement slabs, such as dowel – concrete 
interaction, aggregate interlock and loss of subgrade support.  
 
Tabatabaie and Barenberg developed the program ILLI-SLAB, which incorporates 
these behaviours. The program JSLAB (Tayabji and Colley 1986) allows dowel slab 
interaction to be modelled by treating the dowel as a beam on elastic foundation. 
Recently several other FE-based computer programs have been developed. Chatti et 
al.(1994) developed a new dynamic FE computer program, DYNA SLAB, for analysis 
of jointed concrete pavements subjected to moving transient loads. EverFE developed 
by Davis et al. (1998) is a three dimensional (3D) FE rigid pavement analysis tool, 
which considers aggregate interlock, dowel aggregate interlock and loss of subgrade 
support.  
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Rather than developing a special FE program, many researchers also used commercially 
available general FE software to build concrete pavement models (Saxena and Dounias 
1986). Since the computer capacity and speed have improved significantly, the use of 
commercially available software become more realistic and economic. These programs 
include ABAQUS and ANSYS. The former one has been widely used by researchers in 
the area of pavement engineering (Kuo, 1994, Vepa and George 1997).  
 
 
2.10 Conclusions 
This chapter has provided an introduction to the concrete pavement joints and examined 
the relevant previous research into load transfer, dowel bars, cracking in concrete 
pavement, concrete strength and durability, vertical movement of concrete pavements 
and current practice of concrete pavements treatment by local councils in Australia. 
 
The most significant findings in the literature review are: 
a) Limited research has been conducted on load transfer efficiency and there is no 
evidence to show that any research has been conducted on stepping 
displacement of pedestrian concrete pavement. 
 
b) Although many studies have considered dowel bars for transferring load from 
one slab to the adjoining slab across a joint, the effect of the stepping 
displacement on concrete pavement joints has not been examined in detail.  
 
c) No experimental validation has been presented for the results of any of the 
previous FE analysis of to stepping displacements. Validation of such models 
can be done either by comparing the laboratory tests with the numerical models. 
 
d) The FEM can be used to determine the stepping displacement and stresses 
resulting from pavement movement due to tree root invasion or soil expansion. 
Modelling approaches using appropriate elements and material models can 
ensure accurate results in the numerical analysis. 
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CHAPTER 3 : GENERAL DESCRIPTION OF EXPERIMENTAL TESTING  
      AND NUMERICAL MODELLING PROGRAMME 
 
 
3.1 Introduction 
This chapter presents an outline of the experimental testing and numerical modelling 
program undertaken on pedestrian concrete pavements. The objective of the study was 
to determine the stepping displacement and behaviour of the CFRP dowels, shear 
connectors and proposed joiners in pedestrian concrete pavements. It includes the 
planning, design, casting and testing of the concrete pavements and concrete specimens. 
A description of the CFRP dowels, shear connectors and proposed joiners in the 
concrete pavements, their construction and the materials used as well as the testing 
procedure and the instrumentation used on the concrete pavements is included. Also 
included are the design and fabrication of the test rig used for the testing of the 
pedestrian concrete pavements. The experimental program was conducted at the Heavy 
Structures Laboratory of the School of Civil and Chemical Engineering at RMIT 
University.  
 
 
3.2 Proposed Joiners Used in Concrete Pavements as Control Joints 
Traditionally, pedestrian concrete pavements are cast in place in significant lengths so 
as to economically place the pavement by limiting the number of concrete pours 
required. Simple control joints are formed with a score line cut with a trowel on fresh 
concrete, a saw cut made on hardened concrete. Load transfer capability of these joints 
completely relies on the aggregate interlock between the two cracked faces, which is 
ineffective if the crack widths are greater than 1 mm. Therefore displacement of the slab 
panel on one side will create a differential vertical movement at the joint. This 
differential movement, if significant, can affect the serviceability of the pavement.  
 
Plain steel or epoxy coated steel has been used for dowel bars in concrete pavements for 
transfer load from one slab to an adjoining slab across a joint. However, problems 
arising from corrosion of the steel have prompted recent investigations into alternative 
dowel materials (Grieef 1996). In addition, dowel bars are not essential for pedestrian 
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concrete slabs, but the Guide to Residential Streets and Paths (C&CAA 2004) mention 
usage of dowel bars when step faulting is likely to occur due to growth of tree roots and 
/ or soil movement. In order to overcome the problems, the following proposed joiners 
were used in this study:- 
 
3.2.1 Carbon Fibre Reinforced Polymer Bar 
Carbon fibre reinforced polymer (CFRP) bars have been used for a variety of 
construction industry applications. Their high specific strength, stiffness, and excellent 
corrosive resistance make them attractive alternatives to conventional structural metals 
such as steel. Carbon fibre has non-corrosive characteristics, and therefore will never 
rust or suffer internal structural failure due to corrosion. One of the most unique criteria 
of this polymer is that it has an extremely high fatigue resistance, and thus will not 
suffer metal fatigue or work hardening. Carbon fibre offers the highest tensile strength 
to weight ratio currently available for a given weight.  
 
In this study, CFRP bars were procured from Nippon Steel Composite Co. Ltd, Japan. 
The CFRP bar diameter and length were 10 mm and 300 mm respectively. The CFRP 
bars are shown in Figure 3.1. 
 
 
 
 
Figure 3.1 Carbon fibre reinforced polymer (CFRP) bars 
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3.2.2 EPDM Rubber Joiner  
Ethylene – propylene – diene terpolymer (EPDM) is one of the most commonly used 
industrial polymers because of its outstanding resistance to ozone, oxidants, and severe 
weather conditions. Other outstanding characteristics of EPDM include excellent colour 
stability, heat resistance, and dielectric qualities. EPDM is slightly lower than both 
natural rubber and polyisoprene in resilience and tensile strength. EPDM is not 
recommended for applications involving petroleum derivatives and as a electrical 
insulator (Harwood 1999). 
 
EPDM rubber is the same rubber as used for car tyres. The profile and dimensions of 
EPDM rubber joiner is shown in Figure 3.2. The shape of the EPDM rubber joiner was 
determined by intuition from “TripStop Pty Ltd”, Melbourne. The commercial name for 
EPDM rubber joiner strip is “TripStop” which is manufactured by Boss Rubber 
Technologies in Melbourne.  
 
 
Figure 3.2 Profile and dimensions of EPDM rubber joiner 
 
 
3.2.3 PVC Joiner  
Polyvinyl chloride (PVC) is a flexible or rigid material that is chemically non-reactive. 
PVC has a broad range of applications, from high volume construction related products 
to simple electric wire insulation and coatings. Rigid PVC is easily machined, heat 
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formed, and even solvent cemented. PVC can also be machined using standard metal 
working tools and finished to close tolerances and finishes without great difficulty. PVC 
joiner is an extruded product made from a proprietary lead and cadmium free PVC, U.V 
stabilised compound material which is designed to be positioned into plastic concrete 
slabs to form linked control joints. 
 
The profile and dimensions of PVC joiner is shown in Figure 3.3. The shapes of the 
PVC joiners were determined by TripStop Pty Ltd, Melbourne after the testing of 
EPDM rubber joiners by the author. These PVC joiners replaced the EPDM rubber 
joiners after it was noticed that the PVC joiners could perform much better than EPDM 
rubber joiners. 
 
 
Figure 3.3 Profile and dimensions of PVC joiner 
 
 
3.2.4 Aluminium Joiner  
Aluminium is used for the building products in construction industry. It is rigid, stable, 
durable, thermally efficient and highly resistance to corrosion but easy to form and join. 
Its lightness makes it easy to handle. Metallic aluminium in "massive" form will not 
burn. Further, its relatively low melting point (660°C) means it will "vent" early during 
a severe fire, releasing heat and thereby saving lives and property (Wu 2002) .  
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The depositing or incineration of most types of building products in construction 
industry can lead to air, water and soil pollution. This is not the case for aluminium, 
which even if inadvertently dispersed in the environment does not have harmful side-
effects. Therefore, aluminium recycling not only has important economic implications 
but also contributes to environmental production.  
The aluminium joiner is formed by four 37.5 x 20 x 3 mm unequal angles connected by 
revetting both angles. The details of the dimensions and cross section of the aluminium 
joiner are shown in Figure 3.4. This joiner is proposed by the author. 
 
 
 
Figure 3.4 Aluminium joiner and dimensions of unequal angles 
 
 
3.2.5 Crack Inducer and Modified Crack Inducer 
This crack inducer was invented and patented by Joint Free Slabs Pty Ltd. The main 
purpose of a crack inducer used in slabs on pavements is to cater for concrete shrinkage. 
Control joints were installed in traditional slabs for this purpose. However, crack 
inducer was developed to eliminate the need for all control joints. Existing literature 
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does not provide any evidence to show that the use of crack inducer as a joiner to 
minimise vertical displacement, movement and regulate deformations. In this study, 
crack inducer was used as a joiner for minimising stepping displacement in pedestrian 
concrete pavements. 
 
The original crack inducer tube was circular in cross section and a fair to high degree of 
random cracking occurred with this grid. The current crack inducer tube has a tear drop 
shaped cross section and it is a far more effective crack inducer. The crack inducer grid 
consists of plastic tubes and four way junctions that are assembled on site and installed 
on the ground, their primary purpose being to induce a closely spaced network of fine 
cracks throughout the entire length and breadth of the slab. The current crack inducer 
tube was used for this study. Figure 3.5a shows the crack inducer 30 mm high with 
shape and detailed dimensions. 
 
Figure 3.5b shows a similar crack inducer with some modification proposed by the 
author. The additional plastic plate sticks on the top of the tube. The purpose this was 
used was to have a prompt concrete line and thus not need the requirements of making 
saw cut. It would save resources and costs for the saw cut. 
 
 
(a) Crack inducer 
 
 
(b) Modify crack inducer 
 
Figure 3.5 The dimensions of crack inducer and modify crack inducer 
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3.2.6 Concrete Joiners Proposed by the Author 
Concrete is the most commonly and widely used construction material in the world. 
Concrete can be of good or poor quality, although the ingredients can be exactly the 
same. A poor concrete may happen with inappropriate design, inadequate curing, poor 
workmanship, etc. Neville (1997) stated that a good quality concrete consists of two 
major criteria; the concrete has to be satisfactory not only in its hardened state but also 
in its fresh state while being transported from the mixer and placed in the formwork. 
This means that in the hardened state, the concrete should have achieved the strength 
and durability as targeted in the design (Nawy 1996). In the fresh state, the mix should 
be compacted easily without excessive effort, and the mix should be cohesive enough so 
as not to produce segregation and consequently lack of homogeneity in the finished 
product.  
 
The mix proportion designed for the concrete joiner was based on the author’s pervious 
research work (Koay 2003). The volume of casting was calculated and marked up by 
about 10% to cater for wastage. Details of the proportion of this mix is given in   Table 
3.1. There are two types of concrete joiners that were trialled. The detail of dimensions 
and the shape of the concrete joiners are shown in Figure 3.6. General purpose Portland 
cement complying with AS3972 (1997) from Blue Circle Southern Company was 
selected for this study. Natural sand and Basalt crushed rock was used as fine and 
coarse aggregates respectively. The sand was air-dried and passing through a 4.75 mm 
sieve. The Basalt crushed rock was of angular shape and rough surface texture and 
passed through a 7 mm sieve.  
 
Sieve analysis tests for fine and coarse aggregates were conducted according to          
AS1141.11 (1996). The grading curve of the fine and coarse aggregates is presented in 
Figure 3.7. Saturated surface dry density (SSD), moisture content, water absorption and 
fineness modulus tests for fine and coarse aggregates were conducted according to 
Australian Standard AS1141.6 (1996) and AS1141.5 (2000) respectively. The results of 
the tests are summaried in Table 3.2. A water-soluable, sulphonated polymer based 
superplasticizer (Rheobuild 1000) was used as chemical admixture. The superplasticizer 
was supplied by Master Builders Technologies Australia Pty Ltd. 
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Table 3.1 : Mix proportions for concrete joiners 
Description Quantity 
w / c ratio 0.40 
Slump (mm) 50 – 100 
Sp (%) 1 
Cement (kg/m³) 518 
Water (kg/m³) 207 
Coarse Aggregate (kg/m³) 1,025 
Fine Aggregate (kg/m³) 460 
 
  
 
Figure 3.6 Concrete joiners proposed by the author 
 
0.00
10.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00
90.00
100.00
0.01 0.1 1 10 100
Size (mm)
C
um
ul
at
iv
e 
Pa
ss
in
g 
(%
)
Fine Aggregate Coarse Aggregate
 
Figure 3.7 Grading curve for fine and coarse aggregates 
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Table 3.2 Physical properties of aggregates 
 
Physical Properties 
 
 
Fine Aggregate 
(Natural Sand) 
 
 
Coarse Aggregate 
(Basalt) 
Specific Gravity 2.65 2.67 
Size 75 μm – 4.75 mm 4.75 mm – 7 mm 
Moisture Content (%) 0.04 0.15 
Water Absorption (%) 1.20 0.57 
Fineness Modulus 3.25 2.05 
 
 
 
3.3 Material Properties Test on the Shear Connectors  
In developing an understanding of the performance of the material properties of the 
shear connectors, the essential elements required for the analysis are boundary 
conditions imposed by the concrete slab on the shear connector and the material 
properties of the shear connector. The material properties of shear connectors were also 
required as the essential input data to the numerical model. Some of the material 
properties of shear connectors have just been developed and no specific data of the 
material properties tests were conducted by the manufacturers. In order to get accurate 
data, the tests below were conducted.   
 
3.3.1 EPDM rubber 
Compressive and tensile tests for EPDM rubber were conducted according to American 
Society for Testing and Materials standards ASTM D575-91 (2001) and ASTM D412-
98a (2002) respectively. Three samples were prepared for each test. A universal testing 
machine manufactured by INSTRON with a load capacity of 2 kN was used to conduct 
the test. The loading rate of 2.5 mm per minute for compressive test and 5mm per 
minute for tensile test were maintained until yield of EPDM rubbers. A picture of the 
INSTRON machine is shown in Figure 3.8.  
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Figure 3.8 INSTRON machine 
 
3.3.2 PVC 
PVC joiners are manufactured from Foster Plastics Industries Pty Ltd. The 
manufacturer used an unusual scientific formula to extrude the PVC joiners from a 
machine. There is neither an Australian Standard nor an International Standard for the 
material properties tests of extruded material. A compressive stress-strain relationship 
test was conducted in the laboratory to establish the material properties of the material 
of the shear connector. Three samples (200 mm length) were prepared for each test. A 
compression testing machine manufactured by AMSELER with a load capacity of 2,000 
kN was used to conduct the test. The loading rate of 2.5 mm per minute for the 
compressive test was maintained until yield of the PVC joiner. A picture of the PVC 
joiner compressive test is shown in Figure 3.9.  
 
 
 
Figure 3.9 PVC joiner compressive test 
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3.4 Concrete Design Mix for Pedestrian Concrete Pavements  
All the concrete ordered from a local ready-mix company had a slump of 75 ± 25 mm 
and strength varying from 20 to 40 MPa. The maximum aggregate size was 20 mm. The 
concrete mix consisted of pozzolans such as fly ash or silica fume, water reducing 
accelerator, water reducing admixture and air entraining agent. The mix proportions are 
designed to fully comply with AS3727 (1993) and AS1379 (1997). The details of the 
mix design are shown in Table 3.3 
 
Table 3.3 Concrete design mix – 20 MPa, 25 MPa and 40 MPa.  
 
Concrete Mix Description    
Strength Grade (MPa @ 28 days) 20 25 40 
Max. Aggregate Size (mm) 20 20 20 
Nominal Slump (mm) 80 ± 15 80 ± 15 80 ± 15
Maximum Nominal Shrinkage @ 56 days(µm) 1000  1000  1000  
Mix Type to AS 1379 Normal 
Class 
Normal 
Class 
Normal
Class 
Cementitious Type to AS 3972 GB GB GP 
Portland Cement (kg/m³) 190 215 299 
Fly Ash Content (kg/m³) 45 35 76 
Total Cementinious (kg/m³) 235 250 375 
W/C ratio 0.71 0.67 0.46 
    
Other Mix Specific Details (m³)    
Water (kg/m³) 166 167 173 
20mm normal crushed agg. - Oaklands Granite (kg/m³) 520 520 502 
14mm normal crushed agg. - Oaklands granite (kg/m³) 500 510 587 
Washed concrete sand - Lyndburst deposit (kg/m³) 895 880 725 
Water reducing accelerator - Grace MIRA AC55 (ml/m³) 1440 1500 - 
Water reducing admixture - Grace GWA (ml/m³) 720 800 1496 
Air entraining agent - Grace LS AEA (ml/m³) 240 375 - 
 
Three hours after the pouring of the concrete, the concrete pavements were covered 
with wet hessian bags. Some concrete samples for each concrete pavement were cast at 
the same time to study the mechanical properties of concrete such as compressive 
strength, splitting tensile strength, elastic modulus and flexural strength. Concrete 
samples were made according to AS1012.8.1 (2000) and AS1012.8.2 (2000) as a 
quality control procedure as well as to give an indication of concrete mechanical 
properties of the sample at the time of test. Concrete testing of concrete samples was 
conducted at 7, 28, 56 and 90 days.  
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Compressive strength, splitting tensile and elastic modulus tests were performed on 100 
mm diameter x 200 mm length cylinders and flexural strength test on 150 x 150 x 550 
mm prisms. For the determination of compressive strength and tensile splitting strength, 
three cylinders were tested from each age. For elastic modulus and flexural strength, 
two specimens were tested at each age. The types and quantity of specimens are given 
in Table 3.4. Two curing regimes were employed, namely water curing and air drying. 
Water curing is a process of continuing immersion of concrete samples in water until 
the day of testing, while air drying is of concrete samples being exposed to air after 
demoulding (which was subjected to the same curing conditions of concrete pavement). 
When the compressive strength achieved more than 20 MPa, the concrete pavements 
testing were conducted so as to comply with the AS3727 (1993). 
 
Table 3.4 : Concrete specimens for each mix 
 
Test Specimen (mm) 
Age at testing 
(days) Curing regime 
Quantities per 
curing regime 
Compressive 
Strength 
 
100 φ x 200 
cylinders 
7, 28, 56 and 
90 
Water, and Air   
 
12 
Flexural 
Strength 
 
150 x 150 x 500 
prisms 
 
7, 28, 56 and 
90 
Water, and Air   8 
Tensile 
Splitting 
 
100 φ x 200 
cylinders 
 
7, 28, 56 and 
90 
Water, and Air   12 
Modulus of 
Elasticity 
 
100 φ x 200 
cylinders 
7, 28, 56 and 
90 
Water, and Air   8 
 
 
 
3.5 Test Details on Concrete Properties 
Testing of fresh concrete was conducted to study the workability of concrete. Various 
physical tests on concrete specimens were conducted as a quantitative assessment of the 
types of curing and age related to strength properties. All tests were conducted 
immediately after the specimens were removed from the curing tank. Prior to testing, 
the necessary dimensions were measured and the saturated mass of each specimen was 
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recorded. The data of the specimens was used for the validation of the computer model 
as well as for assessing deformation and possible breakage of the concrete slabs.  
 
3.5.1 Slump Test 
The slump was tested immediately after discharging from the mixer. The slump test was 
used to measure the consistency and detect variations in the uniformity of a mix. The 
slump was determined using standard apparatus which consists of a cone-shaped metal 
mould (height: 300 mm, base diameter: 200 mm, top diameter: 100 mm) and a tamping 
rod, which is a rounded straight steel rod (diameter: 16 mm, length: 600 mm). Prior to 
this, the mould was dampened with water and placed on a flat, moist and non-absorbent 
rigid surface. The mould was then filled with three equal layers of fresh concrete. Each 
layer was tamped 25 times and the strokes were distributed uniformly over the cross 
section of each layer. When the filling was completed, the top surface was leveled off 
and the mould was lifted vertically with no lateral or twisting motion. The slump was 
measured by taking the average distance between the top of the mould and the highest, 
middle and lowest points of the concrete surface. The slump was recorded to the nearest 
5 mm. 
 
3.5.2 Compressive Strength 
The cylinder (100 mm diameter x 200 mm length) compressive tests were carried out in 
accordance to AS1012.9 (1999) at 7, 28, 56 and 90 days. A compression testing 
machine with a load capacity of 2,000 kN was used to conduct the test. The specimen 
was then subjected to a continuous loading at the rate of 3 kN/s (stress rate 0.3 
N/mm².s) until no greater load could be sustained. The compressive strength of each 
cylinder was expressed to the nearest 0.5 N/mm². Three specimens were tested at each 
age and the average result was then computed. The compressive strength, σc of a 
concrete cylinder at a particular age is calculated based on the following equation:- 
 
σc  =  
A
P    (Equation 3.1)
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where 
 P = crushing load ( x 10³ N) 
 A = area of loading surface (mm²) 
 
3.5.3 Static Modulus of Elasticity 
The determination of modulus of elasticity in compression was done in accordance to 
the standard method prescribed in AS1012.17 (1997). The static modulus of elasticity 
was determined at ages of 7, 28, 90 and 180 days. Two cylinders (100 mm diameter x 
200 mm length) were tested at each age. Two strain gauges of KYOWA KC-70-120-
A1-11 with an effective gauge length of 67 mm were used as strain measurements. The 
strain gauges have a strain resistance of 120 ± 0.2Ω, the gauge factor of 2.11 ± 1.0 at 
24°C and 50% RH, and a thermal output of ± 1.8 µc / °C. The temperature co-efficient 
of the gauge factor is ± 0.015 % / °C.  
 
The gauges were fixed in the middle third of the samples to measure the axial strain. To 
facilitate fixing of strain gauges, the surfaces of samples were sanded until a smooth 
surface of concrete exposed. The sanded surfaces were cleaned with chemicals and 
allowed to dry at room temperature before fixing on the strain gauges. On the dried and 
cleaned surfaces, the strain gauges were fixed using strain gauge glue.  The test 
specimen with the strain gauges attached axially was placed centrally in the AMSLER 
compression testing machine. Specimens were loaded at a constant rate of 15 ± 2 MPa / 
min up to 40 % of the estimated failure load. The axial strain and load were recorded 
with the use of a data taker. The secant modulus of elasticity in compression Ec in 
N/mm² is given by: 
 
 Ec = εΔ
σΔ  = 
ba
ba
ε−ε
σ−σ  (Equation 3.2)
 
where 
 σa = upper loading stress (N/mm²)  
(σa = 40% of the estimated failure load ) 
 σb = basic stress (N/mm²) 
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 εa = strain under upper loading stress 
 εb = strain under basic stress (0.00005) 
 
The complete average secant modulus was expressed to the nearest 0.5 kN/mm². 
 
3.5.4 Tensile Splitting Strength 
The indirect tensile splitting strength of cylindrical specimens was determined in 
accordance to the AS1012.10 (2000). Three cylinders (150 mm diameter x 300 mm 
length) were tested at 7, 28, 90 and 180 days. The specimens were positioned on to the 
centering jig with packing strips placed along the top and bottom of the plane of loading 
of the specimen. Hardboard packing strips made of plywood (approximately 15 mm 
width x 4 mm thick) were used to prevent local failure in compression by reducing the 
high compressive stress on the concrete surface directly under load. The specimen and 
jig was placed centrally on the compression testing machine and was subjected to a 
loading rate of 2 kN/s until failure. The tensile splitting strength fst (in N/mm²) 
expressed to the nearest 0.05 N/mm² is given by the formula : 
 
 ƒst = DL
P
××π
2000   (Equation 3.3)
 
where  
 P = maximum load (kN) 
 L = length of specimen (mm) 
 D = diameter of specimen (mm) 
 
3.5.5 Flexural Strength 
The flexural strength test was carried out on 150 mm x 150 mm x 500 mm prisms in 
accordance to AS1012.11 (2000). The determination of the flexural strength is by 
means of a constant moment in the centre zone using two points loading. Prisms were 
tested at ages 7, 28, 90 and 180 days using a AMSLER compression machine and 
flexural testing rig. Two prisms were tested at each age at a loading rate of 0.2 kN/s. 
Prisms that failed outside the middle one third of the distance between supporting 
rollers were disgraded. The theoretical maximum tensile stress reached at the bottom 
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fibre of the beam is known as the modulus of rupture or flexural strength ƒcf (N/mm²) 
expressed to the nearest 0.1 N/mm² and is calculated using the equation below.  
 
 ƒcf = 
²DB
LP
×
×  (Equation 3.4)
 
where 
P = maximum load (kN) 
 L = distance between supporting rollers (mm) 
 B = width of the beam 
 D = depth of the beam 
 
3.5.6 Drying Shrinkage 
The test for concrete shrinkage was carried out on three prism specimens (75 x 75 x 285 
mm) in accordance with AS1012.13 (1992) and is based on ASTM C490. A horizontal 
length comparator was used to measure the length changes in prisms. It consists of a 
frame for supporting the specimen during measurement, a measuring device (digimatic 
indicator with an accuracy of ± 0.5µm), and a reference bar 280 mm long. The 
specimens were stored in a humidity chamber at a temperature of 23 ± 2 °C and relative 
humidity of 50 ± 5% after 7 days initial water curing as specified in AS1012.13 (1992). 
The measurements were performed with a digitial length comparator at 1, 3, 7, 28, 56 
and 90 days. Using the reference bar, the zero setting of the comparator was checked 
during measurement. The tests were sensitive to the initial behaviour of the specimens 
when placed in water (for example, most, but not all, will expand, and the rate of loss of 
the absorbed water will affect the result). Very little concrete in the field is cured under 
water, and this needs to be remembered when interpreting the results.  
 
The shrinkage tests for concrete pavement were conducted and measured by demac 
strain gauge. Demac discs were glued on the concrete slabs by using epoxy resin 
“Araldite” after concrete set. The distance between the two demac discs was 200 mm. 
The concrete slabs were cast at the laboratory at a temperature of 23 ± 5 °C. A demec 
guage was used to measure the strain of the concrete slabs at appropriate time intervals. 
The gauge needs to be calibrated by using an invar rod at each time before use. 
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3.6 Testing Frames for Pedestrian Concrete Pavements 
In order to save time to wait for concrete curing and testing, two testing frames have 
been designed and fabricated. Both testing frames layout were designed to simulate tree 
root invasion or soil movement. The formwork of both testing frames can be removed 
from underneath of the concrete slabs after the concrete has set so that the concrete 
slabs can be jacked up from virtually any point by the use of a hydraulic jack. 
Additional loads were added to the top surface of the slab (using standard weights) to 
simulate the weight of pedestrians or vehicles. The difference between the two types of 
testing frames is shown in Figure 3.10 and discussed below:- 
 
3.6.1 First Testing Frame (1.5 m x 5 m)  
This testing frame is 1.5 m wide and 5.0 m long.  It is large enough to have three full 
scale slabs in the middle plus two smaller slabs (one at each end). The set-up allows for 
four joints between the slabs where the joiner strip can be installed during the concrete 
pour. The two joiners connecting the three full slabs were tested, as they closely 
represent the conditions of a pavement of “infinite” length. EPDM rubber and PVC 
joiners were cast and tested on this testing frame. A detailed drawing is shown in 
Appendix A1. 
 
3.6.2 Second Testing Frame (0.5 m x 3.5 m)  
This steel testing frame is 0.5 m wide and 3.5 m long. It has been designed to have two 
full scale slabs in the middle plus two smaller slabs (one at each end). The set-up allows 
for three joints between the slabs where the joiner strip can be installed during the 
concrete pour. One joiner connecting the two full slabs was tested, as they closely 
represent the conditions of a pavement of “infinite” length. All the proposed control 
joiners were cast and tested on this testing frame. A detailed drawing is shown in 
Appendix A2. 
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(a) First type – 1.5 m x 5.0 m 
 
(b) Second type – 0.5 m x 3.5 m 
Figure 3.10 Testing frames 
 
 
3.7 Instrumentation Used for Measuring Displacements  
During the concrete pavements testing, several types of instrumentation were used to 
monitor and record the stepping displacement. The following sub-sections describe the 
instrumentation used to measure vertical displacements and creep displacements as well 
as the computer system used to record the information obtained. 
 
3.7.1 Dial Gauges 
The displacement of the slabs during testing was measured using Mitutoyo shock proof 
dial gauges. These dial gauges were graduated in 0.01 mm with a range of 20 mm to 50 
mm. All gauges were mounted on the top surface of the slab and were used to measure 
the displacement and movement of the slabs. 
 
3.7.2 Linear Variable Differential Transformer 
Lateral and vertical deformations at the joint were measured using Linear Variable 
Differential Transformer (LVDTs). Four LVDTs were mounted at critical points of the 
joint and monitored through the data acquisition system.  
 
3.7.3 Data Acquisition System 
A data acquisition system called Datataker was used to monitor the readings obtained 
from the LVDTs. The system comprised a computer with a 10 channel data acquisition 
board. All data was simultaneously recorded in files and displayed on the screen in 
numerical form using a data acquisition software package called De-logger. All 
information recorded during testing was later transferred for further analysis.  
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3.8 Full Scale Laboratory Tests for Pedestrian Concrete Pavements 
3.8.1 Loading on Concrete Slab 
According to AS3727 (1993), the minimum breaking load for concrete pavement of 75 
mm thickness is 2 kN on one panel of the pavement which weighs approximately 200 
kg. One panel of the pavement is approximately 1.5 m x 1.5 m. The 200 kg load can be 
considered as the maximum allowable design load on the slab. The design load would 
be calculated by multiplying the actual applied load (known as service load) by a load 
factor of 1.2 for dead (or long-term) load or 1.5 for live (or short-term) load. Therefore 
the expected service load would be 200 kg / 1.2 = 167 kg (long-term load) or 200kg / 
1.5 = 133 kg (short-term load). Both short – term loading and sustained loading were 
tested. 
 
3.8.2 Maximum Allowable Stepping Displacement / Vertical Movement  
In various documents and guidelines, a stepping displacement of 5 - 6 mm is considered 
to be a threshold level for a tripping hazard for a pedestrian. Voice of Safety 
International (VOSI) is an American private sector standards organization that 
specializes in public safety standards. In its Standard for Slid & Trip Resistant 
Sidewalks and Swimming Pool Decks (2002), VOSI states that the Maximum vertical 
mismatch of adjacent sidewalk panels, or utility access covers within walkways is 6 mm 
maximum without any edge treatment. However, AS3727 (1993) stated that the relative 
surface level of adjacent paving elements within the expanse of the main pavement shall 
not be more than 5 mm. In this study, the stepping displacement should be much less 
than 5mm (which is considered to be a threshold level of tripping hazard, Pedestrian 
Council of Australia, 1999). 
 
 
3.9 Numerical Modelling 
A series of numerical models for displacement analysis were developed. The computer 
codes were linked to a commercial finite element analysis software package, ABAQUS, 
and a sophisticated computer graphics tool, FEAMAP. The linear stress-strain curves 
obtained from the material property tests on the joiners together with the data for the 
concrete were incorporated in the computer model.  
Chapter 3 General Description of Experimental Testing 
and Numerical Modelling Programme 
 
 
49 
The load and displacement measurements recorded from the full scale laboratory tests 
were used to validate and fine-tune the computer model. To simulate the interaction 
between the joiners and the surrounding concrete, special elements for contact problems 
were used at the interface.  
 
Shape and size optimisation was of critical importance to the success of joiners. To save 
material and transport costs, it is desirable to make joiners as small as possible. But, the 
joiner has to be large and strong enough to be able to lift the slabs without experiencing 
excessive deformation or rupture. On the other hand, the objective of the shape 
optimisation will be to eliminate local stress concentrations and to make the stress 
distribution at the contact surfaces as uniform as possible.  
 
3.9.1 Finite Element Method 
Finite element method can be described as a numerical procedure that can be applied to 
obtain solutions ranging from relatively simple linear analyses to the most challenging 
nonlinear simulations. The FE analyses provide significant basis for the development of 
mechanistic analysis. The underlying premise of the method states that a complicated 
domain can be sub-divided into a series of smaller regions in which the differential 
equations are approximately solved.  
 
By assembling the set of equations for each region, the behaviour over the entire 
problem domain is determined. Each region is referred to as an element and the process 
of subdividing a domain into a finite number of elements is referred to as decretization. 
Elements are connected at specified points, called nodes, and the assembly process 
requires that the solution be continuous along common boundaries of adjacent elements. 
Although solutions obtained by the FE analysis is an approximation, it is possible to 
enhance the accuracy of the results by defining finer elements and proving accurate 
material properties. One of the major advantages of the FE analysis is that it is 
applicable to a problem with any shape, material properties and loading type. The basic 
steps involved in any FE analysis consist of the following phases (ABAQUS 2004) as 
shown in Figure 3.11 
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a) Processing (ABAQUS/CAE) 
To define the model of the physical problem and create an ABAQUS input file. The 
model is usually created graphically using ABAQUS/CAE or another preprocessor.  
 
b) Simulation (ABAQUS/Standard) 
ABAQUS/Standard solves a set of linear and non linear algebraic equations 
simultaneously to obtain nodal results such as displacements or stresses values at 
different nodes. Examples of output from a stress analysis include displacements and 
stresses that are stored in binary files ready for postprocessing. 
 
c) Postprocessing (ABAQUS/CAE) 
This is performed to obtain the results when the simulation has been completed and the 
displacements, stresses or other fundamental variables have been calculated. The 
evaluation is generally done interactively using the visualization module of 
ABAQUS/CAE or another postprocessor. 
 
 
 
Figure 3.11 Flow chart of ABAQUS 
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3.9.2 Elements 
Selection of appropriate elements is essential for an efficient FE model. The model must 
be capable of simulating proposed joiner behaviour in concrete pavements and the 
stepping displacement which can realistically happen when there is tree root invasion or 
soil movement. Abaqus provides a lot of different types of elements. A wide variety of 
2D and 3D elements are usually used for concrete pavement analysis. Different 
researchers have used different elements to represent pavement layer. An investigation 
by Jacob and Neeraj (2004) revealed that a 2D plate element can be used for calculating 
load transfer retrofit in a slab. Other researchers (William 2001; Kamal 2000; 
Channakeshava et al. 1993) preferred to use a 3D solid element to model concrete slab. 
The element selection totally depends on the researcher. However, to avoid erroneous 
results, the element should be selected in such a way that the element used in the study 
realistically depicts the material being modeled. 
 
3.9.3 Material Model 
ABAQUS provides most engineering materials to be modeled that can be used to 
represent a wide range of material behaviour. All materials used for pavement and 
proposed shear connectors / joiners construction exhibit linear and elastic properties. 
ABAQUS can be used for any number of different materials in the simulation. Material 
behaviour falls into the categories of general properties, elastic mechanical properties, 
inelastic mechanical properties, etc. Each of theses categories has its own advantages 
and disadvantages. The general properties which are applicable to pavement and elastic 
mechanical properties are applicable to proposed shear connectors / joiners. 
 
3.9.4 Contact Problems 
Many engineering problems involve contact between two or more components. In these 
problems a force normal to the contacting surfaces acts on the two bodies when they 
touch each other. If there is friction between surfaces, shear forces may be created that 
resist the tangential motion (sliding) of the bodies. The general aim of contact 
simulations is to identify the areas on the surfaces that are in contact and to calculate the 
contact pressure generated. 
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In a FEA contact conditions are a special class of discontinuous constraint, allowing 
forces to be transmitted from one part of the model to another. The constraint is 
discontinuous because it is applied only when the two surfaces are in contact. When the 
two surfaces separate, no constraint is applied. The analysis has to be able to detect 
when two surfaces are in contact and apply the contact constraints accordingly. 
Similarly, the analysis must be able to detect when two surfaces separate and remove 
the contact constraints.  
 
Contact simulations in ABAQUS / Standard are either surface based or contact element 
based. Surfaces that will be involved in contact must be created on the various 
components in the model. Then the pairs of surfaces that may contact each other, known 
as contact pairs, must be identified. Finally, the constitutive models governing the 
interactions between the various surfaces must be defined. These surface interaction 
definitions include behavior such as friction. 
 
 
3.10 Conclusions 
The following conclusions can be drawn from this work: 
a) Three types of innovative control joints have been briefly introduced. These are 
CFRP dowels, shear connectors and proposed new joiners. Shear connectors are 
EPDM rubber joiner and PVC joiner. The Proposed new joiners are aluminium 
joiner, crack inducer, modified crack inducer and concrete joiner. 
 
b) The concrete mixes design and slumps for concrete pavements are in the range 
of 20 – 40 MPa and 80 ± 15 mm respectively. Concrete properties tests are 
according to Australian Standards. 
 
c) Two testing rigs have been designed and fabricated. First testing rig is 1.5 m 
wide and 5.0 m long and second testing rig is 0.5 m and 3.5 m long. Shear 
connectors is cast and tested on first testing frame. CFRP dowels and proposed 
joiners are cast and tested on second testing frame. 
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d) Numerical modelling for displacement analysis is used an FEA software 
package, ABAQUS. The aim of the FEA was to establish numerical models 
which are capable of predicting the behaviour of the stepping displacements that 
could compare to the experimental data. 
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CHAPTER 4 : ASSESSMENT OF CFRP DOWELS IN PEDESTRIAN  
         CONCRETE PAVEMENTS 
 
 
4.1 Introduction 
In pedestrian concrete pavements, dowel bars are used to transfer load from one slab to 
the adjoining slab across a joint. Dowel bars are typically smooth steel bars placed at 
the mid depth of the slab and they transfer the load without restricting horizontal 
movement of the joint, due to expansion and / or contraction. Traditionally, dowel bars 
are made of mild steel and are normally 12 - 32 mm in diameter, 250 - 500 mm long 
and spaced at 300 mm intervals on centre along the length of the transverse joint 
(Hodgkinson, 1982a). The dowel bars usually experience some corrosion because the 
dowel bars cross a joint exposed to environmental conditions. The corrosion could 
cause failure of the dowel bars and cracking or chipping of the concrete at the joint 
locations. Corrosion can also lead to premature failure of the joint with the result being 
that more frequent repairs are needed.  
 
To minimize the problem caused by corrosion, carbon fibre reinforced polymer (CFRP) 
presents a possible solution to this traditional problem as, it has non-corrosive 
characteristics and may be applicable in the same fashion as normal reinforcement. The 
main objective of this chapter was to examine the stepping displacement of using CFRP 
bars for pedestrian concrete pavements. To date, there is no information using CFRP 
dowel for pedestrian concrete pavements but very limited information is available 
concerning the feasibility and the viability of using CFRP as a tie / dowel bar in  
concrete pavements.  
  
 
4.2 Test Setup and Concrete Pouring  
A prototype pedestrian concrete pavement 3.5 m long, 0.5 m wide and 75 mm thick was 
cast on the steel testing frame. The location of the CFRP dowels on the testing frame is 
shown in Figure 4.1. Each slab contained two dowels to transfer the applied load across 
the joint. The size of CFRP dowel was 10 mm diameter, 300 mm length and placed at 
mid depth of the slab at 300 mm intervals to ensure load transfer across the control 
joint. To make sure the CFRP bars were placed at the mid depth of the slab when the 
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concrete was poured. 32 mm height bar chairs were used. Figure 4.2 illustrates the 
CFRP bar tied on the bar chair by wire. 
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Figure 4.1 The location of CFRP bars 
 
 
 
 
Figure 4.2 CFRP bar tied on bar chair 
 
 
The test CRFP bar was designed to simulate the loading condition on the dowels similar 
to those in the field at the concrete pavement joint. The range of CFRP bar diameters 
and lengths used produce capacities in bending and bearing which were less than CFRP 
bar’s capacity in shear. The load transfer capacity of an individual CFRP bar was 
therefore governed by bearing and bending. To achieve overall efficiency of joint 
construction, CFRP bars must be aligned both to the longitudinal axis and the surface of 
the concrete slab to within close tolerances. This ensures the CFRP bars hold a joint 
tightly closed whilst permitting a small amount of rotation.   
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Concrete was ordered from a local Ready Mix concrete company. The concrete was 
designed to have a nominal compressive strength of 20 MPa at 28 days. A slump of 75 
mm ± 25 mm was required before pouring the concrete pavement. A transverse saw cut 
joint of 12 mm depth was made at a concrete age of approximately six hours at the 
longitudinal center of the concrete pouring as shown in Figure 4.1. According to the 
Guide to residential streets and paths (C&CAA, 2004), the length of the saw cut is one 
fourth to one third of the slab depth and the joint should be made as early as possible 
and prior to drying shrinkage starting to occur. Delay can result in unplanned cracking 
of the pavement. 
 
The purpose of a saw cut is to initiate cracking at a predetermined location, due to early 
age shrinkage and environmental effects. Concrete is a sensitive material, a saw cut in 
the surface of the concrete pavement can induce a crack. As a result, crack propagates 
from the saw cut to the bottom of the pavement and control transverse cracking. As this 
occurs, other stresses in the pavement due to environmental effects are reduced.  
 
 
 
 
Figure 4.3 A saw cut was formed on concrete pavement. 
 
 
4.3 Concrete Properties 
In this study, one of the requirements of the concrete mix design was to produce a 
workable mix in the range of 75 ± 25 mm slump, so that the mix can be easily placed 
and compacted. The slump test for the concrete before casting was measuring at 100 
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mm. On visual inspection, the mix exhibited good cohesiveness and, no bleeding was 
detected. According to Bartos (1992) slump between 80 mm and 155 mm can be 
classified as a high degree of workability. Although such high workable mix may be 
necessary in this situation, the mix can be particularly beneficial for placement in 
congested reinforcement areas and slim sections and are very desirable for the mix 
incorporating steel fibres. 
 
The data on the development of mechanical properties of concrete strength are given in 
Table 4.1 and graphically shown in Figures 4.4 – 4.7. Each value compressive strength 
and tensile splitting strength recorded was computed based on the average of three 
samples. However, each value of flexural strength and static of modulus elasticity 
recorded was computed based on the average of two samples due to shortage of 
concrete moulds. To estimate the accuracy of the results, coefficient of variation was 
calculated for all the measurements. The relatively low variation indicates the reliability 
of the results throughout the duration of the study.  
Table 4.1 Mechanical properties of concrete strength 
 
Compressive Strength (MPa) Types of testing Curing regimes 
7 28 56 90 
Water curing 12.7 
(0.8) 
20.8 
(0.2) 
23.0 
(1.8) 
28.0 
(0.7) Compressive strength 
(MPa) Air drying 12.1 
(1.6) 
16.2 
(0.2) 
17.5 
(0.6) 
20.5 
(1.5) 
Water curing 17.0 
(0.3) 
21.8 
(0.8) 
22.4 
(0.2) 
25.0 
(0.3) Modulus of elasticity 
(GPa) Air drying 14.1 
(0.4) 
19.3 
(0.9) 
19.9 
(1.1) 
21.3 
(1.2) 
Water curing 2.6 
(0.1) 
3.0 
(0.1) 
3.1 
(0.1) 
3.3 
(0.1) Tensile splitting strength 
(MPa) Air drying 2.2 
(0.1) 
2.2 
(0.2) 
2.4 
(0.2) 
2.7 
(0.2) 
Water curing 3.2 
(0.1) 
3.4 
(0.1) 
3.8 
(0.1) 
4.3 
(0.1) Flexural strength 
(MPa) Air drying 2.8 
(0.1) 
3.1 
(0.2) 
3.4 
(0.1) 
3.9 
(0.1) 
Figure in brackets (  ) represent standard deviation of specimens. 
 
4.3.1 Compressive Strength 
The compressive strength results are presented in Figure 4.4. At 28 days, the 
compressive strength values of water cured and air drying were 28.8 MPa and 16.2 MPa 
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respectively. A difference between the curing regimes on strength was noted. The 
concrete subjected to air drying was of a lower strength than water cured concrete. Air 
drying immediately after demoulding appears to reduce the strength of concrete to a 
certain degree. Cement hydration generally precedes a dissolution mechanism, the 
empty pore spaces created due to drying or self desiccation are no longer available to be 
filled with hydration products, so that the hydration process would slow down and 
effectively terminate at a lower degree of hydration than that could be achieved under 
saturated conditions. This obviously signifies the importance of adequate water curing 
for strength development of concrete. 
 
0.0
5.0
10.0
15.0
20.0
25.0
30.0
0 10 20 30 40 50 60 70 80 90
Age (days)
C
om
pr
es
si
ve
 s
tr
en
gt
h 
(M
Pa
)
Water Curing
Air drying
 
 
Figure 4.4 Compressive strength 
 
4.3.2 Static Modulus of Elasticity 
Concrete specimens were cured under water and air drying until the day of testing at 
ages 7, 28, 56 and 90 days. At each age, two 100 mm diameter and 200 mm height 
cylinder specimens were tested and the average of the slopes of the regression lines of 
the stress strain curve was taken as the static modulus of elasticity. Figure 4.5 shows the 
variation of the static modulus of elasticity for both curing regimes.   
 
At 28 days, concrete samples under water curing recorded average stiffness value of 
21.8 GPa while air drying was 19.3 GPa. The results indicate that generally as the 
concrete strength increases, so does the modulus of elasticity, although the rate of 
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increase is less compared to the rate of increase in strength. The greater modulus of 
elasticity for higher compressive strength concrete results from the greater stiffness of 
its mortar and its higher mortar aggregate tensile bond strength. The concrete strength is 
controlled mainly by the strength of its mortar whilst both the mortar and the aggregate 
influence stiffness. Therefore, an increase in the quality (strength and stiffness) of the 
mortar will significantly increase the strength of the concrete. 
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Figure 4.5 Static modulus of elasticity 
 
 
4.3.3 Tensile Splitting Strength 
The tensile strength of concrete was evaluated using indirect splitting tests on cylinders 
as specified in the Australian Standard. The outcome of tensile tests is strongly affected 
by the geometry and curing regimes of the specimens, size of load bearing strips and 
testing conditions.  
 
Figure 4.6 illustrate the effects of age and curing condition on tensile splitting strength 
development up to the age of 90 days. The graph shows that specimens subjected to 
water curing showed better tensile splitting strength than air drying specimens at all 
ages. This is because the water cured specimens hydrated between the water, cement 
and pozzolanic to form calcium silicate gel (CSH), which resulted in increase of the 
mortar strength whereas the tensile strength is influenced by the strength and surface 
characteristics of the coarse aggregate. 
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Figure 4.6 Tensile splitting strength  
 
4.3.4 Flexural Strength 
The flexural strength development is shown in Figure 4.7. Flexural strength at 28 days 
was 3.4 MPa for water cured and 3.1 MPa for air dried. Beyond 28 days, both curing 
regimes did not show any significant strength increase. By average, the flexural strength 
for both curing regimes was approximately one fifth of the compressive strength. It can 
be observed that the flexural strength development generally follows the trend of tensile 
splitting strength (refer to Figure 4.6).  
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Figure 4.7 Flexural strength 
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4.3.5 Drying Shrinkage 
Concrete pavements are often at risk of unplanned and uncontrolled cracking, 
particularly if ambient conditions at the time of casting are aggressive. High 
temperatures combined with low humidity and high wind speeds are known to increase 
the risk of cracking (Morris and Dux 2003; Uno 1998). The influence of concrete mix 
design and concrete constituents on drying shrinkage characteristics is documented in 
the literature (Sirivivatnanon and Baweja 2002). Whilst later age cracking and 
movement are normally thought to be caused by concrete drying shrinkage, work in the 
field in this area suggests that other factors may be as important to slab serviceability 
(Rebibou et al. 2003).The aim of this study was to investigate the relationship between 
the standard concrete samples drying shrinkage values and actual strains in concrete 
pavements. The results of drying shrinkage of standard concrete samples and concrete 
pavements are discussed below. 
 
4.3.5.1 Shrinkage Tests on Standard Concrete Samples 
The drying shrinkage results of standard concrete samples up to 90 days are presented 
in Table 4.2. The development of strains in the standard concrete samples is shown in 
Figure 4.8. Each drying shrinkage value is an average of three tests. The temperature for 
the duration of the casting was about 23 ± 2 °C. For the placement of sample, the 
relative humidity was between 48 % and 52 %. Within the 24 hours, the average 
shrinkage of three specimens was 88.0 microstrain. At 28, 56 and 90 days, the average 
shrinkage of three specimens were 483.0 microstrain, 580.0 microstrain and 613.3 
microstrain respectively.  
Table 4.2 Drying shrinkage results of concrete samples 
 
 
Age (days) 
 
Average drying shrinkage (microstrain) 
 
1 88.0 
3 132.7 
7 218.7 
14 363.3 
28 483.0 
56 580.0 
90 653.3 
Note : All the ages mentioned on the above which does not include the  
     7 days initial water curing. 
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Figure 4.8 Drying shrinkage results of concrete samples 
 
4.3.5.2 Shrinkage Tests on Concrete Pavements 
Demec discs were placed on the concrete slabs at a gauge length of 200 mm after day 
one of concrete casting as shown in Figure 4.9.  The place where the discs were to be 
placed were first roughened with emery paper and cleaned with acetone. The discs were 
then fixed using plastic padding adhesive which hardened within 30 minutes. Initial 
strain readings were then taken, within an hour of the discs being fixed. Shrinkage 
readings were taken at close intervals at early ages but the period of readings was 
gradually increased as the specimens matured. The maximum interval between readings 
was one month. The concrete slabs drying shrinkage results are presented in Table 4.3.  
 
The shrinkage for the first 24 hours ranged from 30 microstrain to 80 microstrain. By 
the end of the first 24 hour period, these values remain constant continued until the 
beginning of day seven. Higher rate of drying shrinkage was noted at the joint all the 
times compared to concrete slabs. The maximum shrinkage at 28 days ranged from 230 
microstrain to 390 microstrain. The strain differential between the pavements and 
standard concrete samples was significantly inconsistent. The reason for this could be 
because of the standard concrete samples were cured in ideal conditions, inside 
humidity chamber with no wind and direct sunlight. In the concrete pavement 
conditions, the magnitude of these differential strains would be acceptable. These 
results are generally consistent with the findings by O'Morre et al. (2005) 
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Figure 4.9 Plan to measure drying shrinkage on concrete pavements 
 
 
Table 4.3 Drying shrinkage results of on concrete pavements 
 
 Microstrain 
Age Ref. A B C D E F G H I 
1 50  40  30  50  80 
2  70  40  80  80  
3 30  30  40  40  70 
4  60  40  60  70  
1 
day 
5 80  30  40  40  80 
1 100  70  60  90  100 
2  80  60  90  90  
3 90  80  80  80  120 
4  70  80  80  80  
3 
days 
5 120  70  70  70  150 
1 220  160  160  180  280 
2  200  160  180  200  
3 190  160  190  170  280 
4  190  170  150  210  
7 
days 
5 290  160  190  180  300 
1 300  220  240  220  330 
2  230  220  210  230  
3 260  220  260  190  310 
4  220  230  200  250  
14 
days 
5 350  220  240  200  350 
1 340  270  280  260  360 
2  310  250  260  300  
3 280  280  300  240  350 
4  300  280  230  310  
28 
days 
5 370  270  310  250  390 
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4.4 CFRP Properties 
The CFRP bars used in this experimental programme were similar to the actual CFRP 
bars used in the construction industry. The CFRP bars consisted of a deformed shape 
which is similar in appearance to deformed steel reinforcement. In this study, CFRP bar 
diameter 10mm was used as dowel. The CFRP bars are manufactured and were supplied 
from Nippon Steel Composite Co. Ltd, Japan.  
 
In order to determine the properties of CFRP used for the dowels, tension tests were 
performed. However, standard tension tests that are used for steel reinforcement were 
not be used for CFRP materials, as the anchorage grips used in the tests cut into the 
CFRP bar and caused it to fail prematurely in the anchorage. Therefore, the tension data 
was tested by the manufacturer.  
 
According to the data provided by the manufacturer which was based on information 
obtained from material testing, the stress-strain characteristics of the CFRP bar was 
perfectly linear up to failure. The failure occurs at an ultimate tensile strength of        
1,500 N/mm² and a modulus of elasticity of 1.25 x 105 N/mm². The mass density was 
150g/m.  
 
 
4.5 Laboratory Tests on CFPR Dowel  
To investigate the effect of CFRP dowels on the concrete pavement, a series of tests 
were conducted with loading on the slabs ranging from 0 to 160 kg. It was essential that 
the CFRP dowels were aligned to be level with the plane of the slab and parallel to each 
other to avoid the creation of stresses within the slab when movement occurs. The 
concrete slabs were pushed up from the ground using hydraulic jack. It is to determine 
the stepping displacement, as well as the load transfer efficiency of the CFRP dowels 
under service loading conditions.  
 
No additional load was applied to any of the slabs at the first testing. To the second, 
third, fourth and fifth testing, 40 kg, 80 kg, 140 kg and 160 kg dead loads were added 
onto the Slab. The test was stopped when the concrete slab was lifted by hydraulic jack 
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50 mm from the ground. The plan of the testing frame is shown in Figure 4.10. The test 
set up and the data acquisition system is shown in Figure 4.11. 
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Figure 4.10 Plan of testing for CFRP joiners 
 
 
 
 
 
Figure 4.11 Test set up for CFRP dowel on simulated  
                                                 tree invasion by using hydraulic jack 
 
4.5.1 Stepping Displacement 
The concrete slabs were pushed up from the bottom of Slab 1 along line AB using the 
hydraulic jack. The line AB represents a long piece of solid timber 0.45 m in length 
which was placed between a load cell (on top of the hydraulic jack) and the bottom 
surface of Slab 1 as shown in Figure 4.12. To measure the displacements, LVDTs and 
gauges were mounted at critical points at G1 to G8 to measure the displacement of the 
slab. G1, G2, G7 and G8 represent dial gauges and G3 – G6 represent LVDTs. As the 
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slab was pushed up, the displacements at the locations G3 to G6 were measured using 
four LVDTs and monitored through the data acquisition system. This data was useful 
for assessing deformation and possible breakage of the concrete slabs.  
 
If one were to claim that the CFRP dowel had been “well designed”, perhaps one of the 
criteria could be that the dowel should not fail before the concrete slabs would break.  It 
is noted that in this test, the displacements at the locations G1, G2, G7 and G8 recorded 
by gauges were negligible. The stepping displacement was obtained by subtracting 
displacement reading of G3 from that of G5 and similarly by subtracting displacement 
reading of G4 from that of G6. The measured stepping displacement at different load 
levels is shown in Table 4.4 and graphically shown in Figure 4.13  
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solid timber 
     
 
   A load cell 
 
 
 
   Hydraulic jack 
 
 
Figure 4.12 Slabs being pushed up by a hydraulic jack 
 
 
Table 4.4 Stepping displacement 
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 Stepping displacement at  Stepping displacement at  
G5–G3 (mm) G6 – G4 (mm) 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
0 kg 0.00 0.97 2.62 3.05 0.00 0.58 2.47 2.75 
40 kg 0.00 1.02 2.72 3.00 0.00 0.59 2.48 2.54 
80 kg 0.00 1.09 2.79 2.80 0.00 0.95 2.41 3.03 
140 kg 0.00 1.10 2.51 2.88 0.00 0.94 2.92 3.08 
160 kg 0.00 1.01 3.02 3.05 0.00 1.06 3.15 3.33 
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Figure 4.13 Stepping displacement 
 
From Figure 4.13, it is noted that the examination of the stepping displacement at the 
joint shows a marginal increase in the displacement as the load increase on slab 1. The 
maximum stepping displacement was 3.33mm which is less than 5 mm and fulfilled the 
requirement of the AS3277 (1993). It should be mentioned that this laboratory 
experiment is designed to simulate tree root invasion or soil movement. It was observed 
that the displacement of slab 2 (loaded) is larger than that of the slab 1 (unloaded) 
throughout the test. However, the flexural stiffness of the CFRP dowels and the contact 
pressure under the load caused the concrete cracking pattern observed at slab 1 
(unloaded) (Figure 4.14). The initial crack was observed when no additional load was 
applied to any of the slabs and the concrete slab 1 was lifting up to 30 mm from the 
ground. The displacement was continued to a lift level of 50 mm and the crack become 
larger. A picture of concrete cracks is shown in Figure 4.14.  
 
Concrete, despite being a durable construction material, only has a limited flexural 
strength against cracking. The cracks could have been caused by concentration of the 
dowel force at two specific points in the slab which exceeded the bending strength of 
the slab. In addition, the thin concrete thickness could be the reason there is insufficient 
capacity to resist shear deformations between slabs. The same finding was reached by a 
study performed by Eddie (1999) to analyze the FRP dowels for concrete pavement 
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data. Investigators (Grieef 1996; Hiller and Buch 2004; Guo et al. 1995) have 
extensively studied the behaviour of dowel load transfers of concrete pavements but the 
displacements simulating tree root invasion have not been drawn to their attention. As 
such it is necessary to be cautious whether ultimate load at concrete failure or load 
carried at a limiting flexural deflection is more appropriate for comparing different 
dowel systems under load. 
 
 
Contraction 
joint Crack 
 
 
Figure 4.14 Cracks occurred on the concrete surface. 
 
 
4.5.2 Load Transfer Efficiency 
The measured deflections at different loading are graphically shown in Figure 4.15. To 
determine the effectiveness of the CFRP dowels, the deflection of each of the loaded 
and unloaded slabs is used to calculate the deflection load transfer efficiency according 
to Equation 2.4 in Section 2.4.1. Table 4.5 illustrates the deflection load transfer 
efficiency of CFRP dowels.  
Table 4.5 Load transfer efficiency 
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 LTE at G5 – G3 (%) LTE at G6 – G4 (%) 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
No Load 0.00 92.83 92.19 94.27 0.00 95.25 92.48 94.85 
40 kg 0.00 91.03 91.81 94.44 0.00 94.73 92.56 95.30 
80 kg 0.00 91.26 91.61 94.74 0.00 92.27 92.70 92.33 
140 kg 0.00 90.84 92.43 94.56 0.00 91.67 91.31 94.25 
160 kg 0.00 91.26 90.86 94.28 0.00 90.67 90.70 93.78 
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Figure 4.15 Deflection of the slabs close the joint with CFRP dowels 
 
 
Based on the results of Table 4.6, it can be seen that the joint load transfer efficiency 
was relatively high and more than 90 percent. No significant conclusion could be 
reached as the load transfer efficiency indicated the percentage of effectiveness for 
different loading levels had no noticeable trend. It was shown that the CFRP dowels 
carry a great load transfer capability at the joint when the concrete slab was pushed up 
from the bottom of slab 1 (unloaded). However, in transferring the load through CFRP 
dowels, unloaded slab cracked as shown in Figure 4.14, raising some issues in relation 
to the effectiveness of the joint in releasing slab stresses.  
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4.6 Conclusions 
From the results of the tests, the 10 mm CFRP dowels have been shown as a possible 
material to be used for 75 mm thickness pedestrian concrete pavement to minimize 
stepping displacement. The maximum stepping displacement is 3.33 mm and the CFRP 
dowels have 90 percent load transfer efficiency.  The test results indicate that the CFRP 
dowels satisfies the performance criterion of 5 mm maximum allowable stepping 
displacement. However, it should be noted that the CFRP dowels are too stiff which 
could cause breaking in the concrete slab near where the dowel bar ends. This could be 
avoided by having a larger number of smaller diameter CFRP dowels to reduce the 
stress concentrations. However, this way has some practical implication in increase the 
cost of installation.  
 
If the 10 mm CFRP dowels are used for the pedestrian concrete pavements of thickness 
75 mm, high strength concrete should be used. Otherwise, increasing the thickness of 
concrete pavements is highly recommended. Further investigations on different size of 
CFRP dowels and thickness of concrete slabs are also recommended. The behaviour of 
CFRP dowels under sustained loading over a period of time (creep displacement test) 
needs to be investigated. Further test on the concentrated load also needs to be 
investigated.  
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CHAPTER 5:  STUDY ON SHEAR CONNECTORS AS CONTROL JOINTS 
 
 
5.1  Introduction 
The main concern in concrete pavements design and construction is to increase the 
pavement’s service life by preventing the occurrence of cracking and uneven movement 
at the joint. This uneven movement, if significant, can create tripping hazard to 
pedestrians. A traditional solution for increasing the service life of pavements is to use 
thicker slabs. However, increasing the slab thickness did not eliminate the occurrence of 
such cracks and movement (Yu et al. 1998). The use of higher strength concrete is 
proposed as an alternative solution. However, in this case the higher shrinkage rate and 
decreased creep relaxation typical of these materials can adversely affect concrete 
pavement performance (especially in its early ages). Furthermore, the higher costs 
associated with the use of higher strength concrete are also of great concern.  
 
This chapter presents the findings of laboratory tests on the EPDM rubber and PVC 
joiner strips used as shear connectors in concrete pavements. These joiner strips are 
placed between the adjoining slabs when the concrete is poured. When the concrete is 
cured, the pavement will become a linked series of slabs that can flex with the 
movement of the earth thus minimizing the relative displacement of adjoining slabs and 
the corresponding tripping hazard. The joint formed can be classified as a control joint 
which regulates cracks as well as transfers loads between adjoining slabs.  
 
 
5.2 Test Setup and Concrete Pouring 
A full scale prototype concrete pavement 5,000 mm long, 1,500 mm wide and 75mm 
thick was cast on a steel frame. The testing frame was designed in such a way that the 
formwork can be removed from underneath the concrete slabs and the slabs can be 
jacked up from virtually any point – to simulate various scenarios of tree root invasion 
and soil expansion / movement. Four joiners (either EPDM rubber or PVC) were 
installed in the prototype pavement. They were 1.5 m apart from each other. The two 
ends of the pavement were restrained by steel angles. The cross-sectional shapes of 
EPDM rubber joiner and PVC joiner are shown in Figure 5.1.   
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(a) EPDM rubber joiner 
 
 
(b) PVC joiner 
   
Figure 5.1 The cross–sectional shapes of EPDM rubber joiners and PVC joiners 
 
 
A series of tests was conducted - with loading on the slabs ranging from 0 to 490 kg. 
Extensive data has been recorded from these tests. This research will focus on stepping 
displacement (the difference between the vertical movements of adjoining slabs) which 
is the main cause of tripping hazards in pedestrian concrete pavements and therefore the 
most critical measurement for assessing the adequacy and performance of the joiners. 
The Australian Standard AS3727 (1993): Guide to Residential Pavements is used to 
determine the appropriate level of loading on the slabs and the maximum allowable 
stepping displacement between adjacent slabs. 
 
 
5.3 Concrete Properties 
This section presents the findings of the experimental study on the properties of fresh 
and hardened concrete for concrete pavements. Concrete mix design 25 MPa and        
40 MPa was ordered from a ready-mix company. 25 MPa concrete was used in the slabs 
with EPDM rubber joiner and 40 MPa concrete was used for slabs with PVC joiner. The 
specification in Australian Standard AS 3727 for testing 75 mm slabs is 20 MPa. When 
the concrete reached a compressive strength of approximately 20 MPa, the concrete 
slabs were tested. The concrete slabs were tested for both EPDM rubber joiner and PVC 
joiner at 28 days and 7 days respectively. 
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The workability characteristics of freshly mixed concrete were assessed with respect to 
slump. The mixes had slump values 80 mm for 25 MPa concrete and 90 mm for               
40 MPa concrete. It was observed that the mixes had good workability characteristics. 
The investigation examines the compressive strength, modulus of elasticity, tensile 
splitting strength, flexural strength and drying shrinkage. The data on the development 
of mechanical properties of concrete strength for both joiners are given in Table 5.1. 
These results were subsequently used in the numerical model analyses. 
 
Table 5.1 Mechanical properties of concrete strength 
 
Age(s) Types of 
testing 
Types of 
joiner 
Curing 
regimes 7 days 28 days 56 days 90 days 
Water curing 15.4 
(1.3) 
21.2 
(1.5) 
22.5 
(1.7) 
28.7 
(2.2) EPDM 
rubber joiner Air drying 14.8 
(1.5) 
18.7 
(2.7) 
18.4 
(1.6) 
21.7 
(1.3) 
Water curing 24.0 
(0.8) 
43.2 
(0.7) 
47.6 
(1.8) 
51.5 
(1.0) 
Compressive 
Strength 
(MPa) 
PVC joiner Air drying 22.9 
(0.3) 
41.2 
(1.1) 
43.4 
(0.7) 
47.9 
(1.3) 
Water curing 14.1 
(0.1) 
18.1 
(0.1) 
19.9 
(1.1) 
23.9 
(0.5) EPDM 
rubber joiner Air drying 13.1 
(0.5) 
16.9 
(0.2) 
17.0 
(1.1) 
18.3 
(0.4) 
Water curing 20.9 
(1.0) 
35.9 
(1.3) 
38.7 
(0.6) 
42.5 
(0.8) 
Modulus of 
elasticity 
(GPa) 
PVC joiner Air drying 18.9 
(1.0) 
28.2 
(0.3) 
33.2 
(1.5) 
40.4 
(0.5) 
Water curing 2.8 
(0.2) 
3.7 
(0.5) 
4.0 
(0.3) 
4.3 
(0.2) EPDM 
rubber joiner Air drying 2.5 
(0.0) 
3.2 
(0.2) 
3.4 
(0.3) 
4.2 
(0.4) 
Water curing 2.8 
(0.1) 
3.7 
(0.1) 
4.3 
(0.1) 
4.8 
(0.2) 
Tensile 
splitting 
strength 
(MPa) PVC joiner Air drying 2.6 
(0.1) 
3.3 
(0.1) 
3.6 
(0.1) 
4.5 
(0.1) 
Water curing 2.8 
(0.1) 
3.8 
(0.2) 
3.8 
(0.1) 
4.1 
(0.1) EPDM 
rubber joiner Air drying 2.1 
(0.1) 
3.4 
(0.2) 
3.5 
(0.4) 
3.8 
(0.2) 
Water curing 3.6 
(0.0) 
4.5 
(0.0) 
4.6 
(0.0) 
4.8 
(0.1) 
Flexural 
strength 
(MPa) 
PVC joiner Air drying 3.3 
(0.3) 
4.1 
(0.1) 
4.2 
(0.2) 
4.5 
(0.0) 
 
Figure in brackets (  ) represent standard deviation of specimens. 
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5.3.1 Compressive Strength 
The data on development of compressive strength for both concrete mixes is given in 
Table 5.1 and Figure 5.2. It can be seen that the 28 days average compressive strength 
of the 25 MPa concrete mix design was found to be 21.2 MPa for water curing and 18.7 
MPa for air drying. However, at 90 days, the concrete strength was tested at 28.7 MPa 
for water curing and 21.7 MPa for air drying respectively. The slower hydration 
reaction of the concrete due to the reduced cement content as part of the cement was 
replaced by fly ash could have reduced the rate of strength development.  
 
Based on Figure 5.2, it was apparent that the 7 days average compressive strength of the 
40 MPa concrete mix was tested at 24.0 MPa for water curing and 22.9 for air drying. 
However, at 28 and 90 days, the concrete strength was tested at 43.2 MPa and 51.5 MPa 
for water curing and 41.2 MPa and 47.9 MPa for air drying respectively. It can be seen 
that for concrete design mix of both 25 MPa and 40 MPa at all ages, all specimens 
water cured, exhibit greater compressive strength than for air drying specimens. It 
should be noted that the specification in Australian Standard AS 3727 for 75 mm 
thickness concrete pavements is 20 MPa. Both concrete slabs tests were conducted after 
the standard cylinder strength of concrete exceeded 20 MPa. The concrete slabs used 
EPDM rubber and PVC joiners were test conducted after 28 days and 7 days 
respectively. 
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Figure 5.2 Compressive strength 
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5.3.2 Static Modulus of Elasticity 
The evolutions of the modulus of elasticity of both concrete mixes in different curing 
regimes are shown in Table 5.1 and Figure 5.3. Each result is an average of two 
measurements from different specimens. The mean coefficient of variation for design 
mix 25 MPa and 40 MPa were 0.5 % and 0.9 % while a maximum coefficient of 
variation of 1.1 % and 1.5 % were recorded. The low variation in the results can be 
attributed to the non-destructive nature of this test; thus measurements can be repeated 
until a fairly consistent value is obtained. At 28 days, the modulus of elasticity values 
for design mix 25 MPa was 18.1 GPa for water curing and 16.9 GPa for air drying. 
However, the design mix 40 MPa at 7 days was 20.9 GPa for water curing and 18.9 GPa 
for air drying. Specimens of both concrete subjected to air drying showed marginally 
lower strength than the water curing. This is because the specimens had fully hydrated 
when cured in water.  
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Figure 5.3 Static modulus of elasticity 
 
 
5.3.3 Tensile Splitting Strength 
Table 5.1 and Figure 5.4 illustrate the effects of age and curing condition on tensile 
splitting strength development for both mixes up to the age of 90 days. As expected, all 
specimens subjected to water curing obtained better tensile splitting strength than air 
drying. Visual inspection on specimens crushed in the tensile splitting test did not detect 
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any presence of honeycomb. At 28 days, mixtures from design mix 25 MPa recorded a 
value of 3.7 MPa for water curing and 3.2 MPa for air drying. However, mixtures from 
design mix 40 MPa at 7 and 28 days recorded a value of 2.8 MPa and 3.7 MPa for water 
curing and 2.6 MPa and 3.3 MPa for air drying. It is obvious that the design mixes 
between 25 MPa and 40 MPa did not generate any positive effect on the splitting tensile 
strength.  
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Figure 5.4 Tensile splitting strength 
 
 
5.3.4 Flexural Strength 
The outcome of flexural tests is influenced by geometry and testing conditions. 
Specimens for the test are heavy and easily damaged during transportation. In addition, 
only two specimens were tested at each age opposed to three in the compression test. 
The flexural strength of concrete was evaluated using prisms as specified in the 
Australian Standards. Half of the overall specimens were subjected to water curing and 
the other half was subjected to air drying until the ages of testing. The rate of strength 
development is higher for flexural strength than for the tensile splitting strength up to 28 
days irrespective of the curing regime. Higher strength concrete showed higher strength 
gain. The strength increases with increasing age (days) in order of design mix 25 MPa 
and 40 MPa. At 7 days, the average flexural strength of design mix 25 MPa and 40 MPa 
for water curing is 2.8 MPa and 3.6 MPa and for air drying is 2.1 MPa and 3.3 MPa 
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respectively. However at 28 days, the average flexural strength of design mix 25 MPa 
and 40 MPa for water curing is 3.8 MPa and 4.5 MPa and for air drying is 3.4 MPa and 
4.1 MPa respectively. The results are graphically shown in Figure 5.5 
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Figure 5.5 Flexural strength 
 
 
5.3.5 Drying Shrinkage 
Shrinkage strain of concrete was determined from the standard specimens by measuring 
linear deformation using a horizontal comparator. However, shrinkage strain of concrete 
pavements was measured using a demec gauge. The results for the both shrinkages 
studies is discussed below: 
 
5.3.5.1 Shrinkage Tests on Standard Concrete Samples 
Table 5.2 and Figure 5.6 show the shrinkage strains of concrete 25 MPa and 40 MPa 
measured over a period of 90 days. From Table 5.2, it can be seen that of the two 
concrete strengths, the magnitude of shrinkage is highest in the 25 MPa concrete. At 28 
days, the shrinkages of concrete 25 MPa and 40 MPa were 588.2 microstrain and 322.2 
microstrain respectively. The concrete with 25 MPa was about 45 % higher than 
concrete with 40 MPa. However at 90 days, the shrinkage of concrete 25 MPa was 
about 34% higher than the shrinkage of concrete 40 MPa.  
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The reason for this could be due to the aggregate and water contents. Aggregate content 
plays an important role in drying shrinkage. The coarse aggregate content of concrete 
25 MPa was 1,030 kg/m³ whereas for concrete 40 MPa was 1,087 kg/m³ (refer to         
Table 3.2). This could have resulted in the concrete 40 MPa exhibiting lower shrinkage 
values. This is corroborated by the findings of Mahmud (1986), who studied concrete 
shrinkage under similar aggregate content. It is well known that shrinkage increases 
with increasing water / cement ratio. Similar finding was reported by Samadi et al. 
(1987) and McCarthy and Dhir (2004). The water / cement ratio for the concrete 25 
MPa was higher than the concrete 40 MPa. This could have resulted in shrinkage strain 
being higher for the concrete 25 MPa than the concrete 40 MPa.  
 
Table 5.2 Drying shrinkage results of concrete samples 
 
Average shrinkage results (micro strain) 
 Age (days)  
Concrete 25 MPa 
 
Concrete 40 MPa 
1 101 33 
3 241 75 
7 389 162 
14 508 232 
28 588 322 
56 648 405 
90 682 456 
   Note : All the ages mentioned above do not include the 7 days of initial water curing. 
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Figure 5.6 Drying shrinkage results of concrete samples 
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5.3.5.2 Shrinkage Tests on Concrete Pavements 
The locations of demec discs placed on concrete slabs for 25 MPa concrete are shown 
in Figure 5.7. However, 40 MPa concrete did not have shrinkage tests conducted on the 
concrete slabs because the slabs were tested after 7 days of concrete curing. Demec 
discs were placed on concrete slabs after the first day of concrete pouring. The gauge 
length of two demec discs was 200 mm. The demec discs were fixed using plastic 
padding adhesive which hardened within 30 minutes. Initial strain readings were then 
taken, within two hours of glue curing of the demec discs. Shrinkage readings were 
taken at close intervals at early ages but the period of readings was gradually increased 
as the concrete slabs matured. The maximum interval between readings was 28 days.  
 
The concrete slabs drying shrinkage results are presented in Table 5.3. The shrinkage 
for the first 24 hours ranged from 40 microstrain to 96 microstrain. However, the 
maximum shrinkage at 28 days ranged from 196 microstrain to 1176 microstrain. The 
strain differential between the pavements slabs and joints was significantly inconsistent. 
The reason for this could be because of the EPDM rubber joiner strain is higher than the 
concrete. Overall, the strain values of standard concrete samples were higher than the 
strain values of the pavements.  
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Figure 5.7 The locations of demac discs placed on concrete slabs. 
 
 
 
1.5 m 
 
 
1.5 m 
 
 
1.5 m 
o   o 
o   o 
o   o 
o   o 
o   o 
o   o 
o   o 
o   o 
o   o 
o   o 
o   o 
o   o 0.6
0 
m
 
0.
15
 m
 
0.
50
 m
 
0.
50
 m
 
A B C D E 
 1
 2
 3
 4
 5
Chapter 5 Study on Shear Connectors as Control Joints 
 
 
80 
 
Table 5.3 Drying shrinkage results of concrete pavements 
 
 Strain (Microstrain) 
Age Ref. A B C D E 
1  48  50  
2 62  68  60 
3  90  80  
4 76  72  40 
1 day 
5  96  90  
1  72  120  
2 108  236  176 
3  138  104  
4 184  196  122 
3 days 
5  180  186  
1  332  338  
2 142  262  324 
3  374  408  
4 338  312  188 
7 days 
5  192  702  
1  512  522  
2 172  288  324 
3  754  592  
4 348  334  188 
14 days 
5  778  854  
1  1106  1020  
2 196  390  384 
3  852  928  
4 428  364  274 
28 days 
5  1176  1044  
 
 
 
5.4 EPDM Rubber and PVC Properties 
This section presents details of the constituent material properties of shear connectors 
required in the casting of pavements for this experiment. Existing literature does not 
provide any evidence to show that the use of either EPDM rubber or PVC as a flexible 
joiner for pavements has ever been scientifically studied before. The data obtained from 
the tests will be used as the input to, and also for validating and refining, the numerical 
model in exploration of both joiners.  
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5.4.1 EPDM rubber properties  
EPDM rubber joiners are made from ethylene-propylene-diene terpolymer which is a 
similar material to that used in car tyres. The effectiveness of a joiner system largely 
depends on the material properties of rubber. One of the most important characteristics 
of the rubber type material is its’ almost incompressibility (in volume). The 
incompressibility of the rubber contributes greatly to the apparent high strength and 
stiffness of the joiner system when the rubber joiner is confined between the concrete 
slabs.  
 
Tests on the EPDM rubber were conducted according to ASTM D412-98a (2002) and 
ASTM D575-91 (2001) to measure the tensile and compressive properties respectively. 
The graph in Figure 5.8 shows data taken from three samples subjected to a tensile test. 
The results of tensile tests are summarized in Table 5.4. The average Young’s modulus 
result is 6.61 MPa. The result of compressive tests is shown in Figure 5.9 and Table 5.5. 
The average Young’s modulus result is 12.44 MPa. The value of Young’s modulus is 
used as the basis of material properties for analysis of rubber components under static 
loads. Young’s modulus of compressive test was about 50 % different to the Young’s 
modulus of tensile test. This was because the EPDM rubber is not rigid elastic material 
like concrete, steel, PVC, etc.  
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Figure 5.8 Tensile load – Displacement for EPDM rubber 
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Table 5.4 Summary of tensile load – Displacement for EPDM rubber  
 
Sample 
 
1 2 3 
Maximum load 
- Load (N) 
- Displacement (mm) 
 
 
2,098.00 
72.23 
 
2,195.95 
85.58 
 
2,473.00 
95.71 
Break 
- Load (N) 
- Displacement (mm) 
 
 
2,093.00 
72.65 
 
2,196.00 
85.58 
 
2,473.00 
95.71 
Young Modulus (GPa) 
 
0.604 0.635 0.745 
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Figure 5.9 Compression load – Displacement for EPDM rubber 
 
 
 
Table 5.5 Summary of compression load – Displacement for EPDM rubber  
 
Sample 
 
1 2 3 
Maximum load 
- Load (N) 
- Displacement (mm) 
 
 
62.56 
1.48 
 
56.70 
0.91 
 
56.70 
0.77 
Young Modulus (GPa) 
 
1.074 1.237 1.421 
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5.4.2 PVC properties 
It is essential to develop an understanding of the performance of the PVC joiner as 
boundary conditions have properties imposed on them by this PVC joiner material. The 
PVC joiner strip was manufactured by Foster Plastics Industries Pty Ltd. Although the 
manufacturer provided data of the basic material properties, these are not accurate 
enough for the purpose of validating and refining the numerical model. In order to 
obtain an accurate data, a compression stress - strain relationship test was conducted. 
The compression stress - strain relationship is presented in Figure 5.10. The Young’s 
modulus values were 12.77 GPa, 11.14 GPa and 12.73 GPa for samples 1, 2 and 3 
respectively.  
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Figure 5.10 Compression stress–strain relationship curve. 
 
 
5.5  Full Scale Laboratory Tests on EPDM Rubber Joiner  
This section presents the findings of laboratory tests on EPDM rubber joiners for 75 
mm thickness pedestrian concrete pavements. A series of tests was conducted. 
Extensive data have been recorded from these tests. The testing focused on stepping 
displacement (the difference between vertical movements of adjoining slabs) which is 
the main cause of tripping hazards in pedestrian concrete pavements and therefore the 
most critical measurement for assessing the adequacy and performance of EPDM 
rubber joiner. The Australian Standard AS3727 (1993) is used to determine the 
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appropriate level of loading on the slabs and the maximum allowable stepping 
displacement between adjacent slabs. AS 3727 (1993) stated that the relative surface 
level of adjacent paving elements within the expanse of the main pavement shall not be 
more than 5 mm and the minimum braking load of paving units is 2 kN. 
 
5.5.1 Jacking up at line AB 
The plan of the testing frame is shown in Figure 5.11. In this test, the concrete slabs 
were pushed up from the bottom of Slab 2 along line AB using a hydraulic jack. The 
line AB represents a long piece of solid timber of 0.9 m in length which was placed 
between a load cell and the bottom surface of Slab 2 as shown in Figure 5.12. The 
hydraulic jack had to be manually controlled during tests. A series of tests were 
conducted with loading on the slabs ranging from 0 to 490 kg.  
 
To measure the displacements, dial gauges were mounted at G1, G2, G7 and G8 and 
linear variable differential transducers (LVDTs) were mounted at critical points at G3 to 
G6 to measure the displacement of the slab. The LVDTs measurements were taken with 
computer controlled data logging equipment. As the slab was pushed up, the 
displacements at the locations G3 to G6 were recorded. It is noted that in this test, the 
displacements at the locations G1, G2, G7 and G8 were negligible and the stepping 
displacement only occurred at Joint 3. The stepping displacement was obtained by 
subtracting displacement reading of G3 from that of G5 and similarly by subtracting 
displacement reading of G4 from that of G6.  
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Figure 5.11 Plan of testing frame – Jacking up at line AB 
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           A long piece of solid timber  
 
           A load cell 
 
           Bearing plate 
 
 
 
          Hydraulic jack 
          (at the middle of a long piece  
          of solid timber) 
 
Figure 5.12 Slabs being pushed up by a hydraulic jack 
 
5.5.1.1 Jacking up at Line AB with No Additional Load on Slab 
In this test, no additional load was applied to any of the slabs. The concrete slabs were 
pushed up from the bottom of Slab 2 using a hydraulic jack. The hydraulic jack had to 
be manually controlled during tests. The results are presented in Table 5.6 and             
Figure 5.13 shows the stepping displacement curve. From Figure 5.13, it is seen the 
stepping displacement increased did not mean the concrete slabs were pushed up higher 
using hydraulic jack.  
 
As Slab 2 was pushed up to 10 mm from the ground, the stepping displacements were 
2.35 mm at G5 – G3 and 3.32 mm at G6 – G4 respectively. When the Slab 2 was 
pushed up to 30 mm, the stepping displacements were 0.55 mm at G5 – G3 and 2.94 
mm at G6 – G4. However, the maximum stepping measurement in this test was 5.62 
mm, which happened when the corresponding displacement on the other side of the slab 
was 0.32 mm when Slab 2 was pushed up to 20 mm from the ground. This indicates that 
the slabs were slightly tilted – possibly because the jacking force was not exactly at the 
centre or the timber position was not perfectly placed at the centre. In this case, it makes 
more sense to look at the average stepping displacement across Joint 3.  
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Table 5.6 Stepping displacement – Slab 2 was jacked up at line AB  
                                 with no additional load on slab 
 
Concrete slab lifting  
from the ground 
(mm) 
Stepping 
displacement 
G5 – G3 (mm) 
Stepping 
displacement 
G6 – G4 (mm) 
Average stepping 
displacement 
(mm) 
0 0.00 0.00 0.00 
10 2.35 3.32 2.84 
20 0.32 5.62 2.97 
30 0.55 2.94 1.75 
40 0.54 2.46 1.50 
50 2.52 3.43 2.98 
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Figure 5.13 Stepping displacement – Slab 2 was jacked up at line AB  
                     with no additional load on slab 
 
 
5.5.1.2 Jacking up at Line AB with 200 kg Load Distributed on Slab 3 
This test was similar to the previous test with exception being 200 kg of dead load was 
added to Slab 3 as shown in Figure 5.14. The self weight of each slab was about 400 kg. 
The added load would increase the stress level in EPDM rubber Joint 3 by 
approximately 50%. The results are illustrated in Table 5.7 and Figure 5.15. Referring 
to Figure 5.15, the average level of stepping displacement was very similar to that of the 
previous test. The average stepping displacement in this test varied from 1.50 mm to 
2.98 mm, while in the previous test it varied from 1.56 mm to 2.96 mm. It is obvious 
that the level of stepping displacement was very similar for both tests. 
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Figure 5.14 200 kg load added on Slab 3. 
 
Table 5.7 Stepping displacement – Slab 2 was jacked up at line AB  
         with 200 kg load added on Slab 3. 
 
Concrete slab lifting  
from the ground 
(mm) 
Stepping 
displacement 
G5 – G3 (mm) 
Stepping 
displacement 
G6 – G4 (mm) 
Average stepping 
displacement 
(mm) 
0 0.00 0.00 0.00 
10 1.53 1.58 1.56 
20 2.09 3.33 2.71 
30 1.54 2.51 2.03 
40 2.71 3.20 2.96 
50 2.04 3.60 2.82 
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Figure 5.15 Stepping displacement – Slab 2 was jacked up at line AB  
           with 200 kg load added on Slab 3. 
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5.5.1.3 Jacking up at Line AB with 490 kg Load Distributed on Slab 3 
This test was the same as the previous two tests except that the loading on Slab 3 was 
now increased to 490 kg as shown in Figure 5.16. The main purpose of this test is to 
predict the EPDM rubber joiner profile as suitable for 125 mm thickness concrete slabs. 
The weight of each 125 mm concrete slab is about 690 kg and the weight of each 
concrete slab 75 mm thickness is about 400 kg. The weight difference between both is 
about 290 kg. Assume that 200 kg is applied to the Slab 3. Total weight on the Slab 3 is 
approximately 490 kg. 
 
 
 
Figure 5.16 490 kg load added on Slab 3. 
 
 
The stepping displacement results are presented in Table 5.8 and the stepping 
displacement curve is plotted in Figure 5.17. It is seen that despite the excessive loading 
on the slab, there was very little increment in the stepping displacement compared to the 
results of previous tests. The average stepping displacement in this test varied from 1.4 
mm to 2.5 mm, which was similar to that of previous tests where the loading was much 
smaller. It can be seen that the concrete slabs were pushed up higher using hydraulic 
jack but the stepping displacement did not increase. 
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Table 5.8 Stepping displacement – Slab 2 was jacked up at line AB  
         with 490 kg load added on Slab 3. 
 
Concrete slab lifting  
from the ground 
(mm) 
Stepping 
displacement 
G5 – G3 (mm) 
Stepping 
displacement 
G6 – G4 (mm) 
Average stepping 
displacement 
(mm) 
0 0.00 0.00 0.00 
10 1.29 1.53 1.41 
20 1.73 3.21 2.47 
30 2.76 4.12 3.44 
40 1.21 2.10 1.67 
50 1.59 3.31 2.45 
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Figure 5.17 Stepping displacement – Slab 2 was jacked up at line AB  
           with 490 kg load added on Slab 3. 
 
5.5.2 Jacking up at Point C 
In previous tests, the slabs were moved up almost uniformly across the width, resulting 
in a uniform distribution of force on the EPDM rubber joiner. A more challenging case 
would be the one where a slab is pushed up at a corner as shown in Figure 5.18. The 
main purpose of this study was to assume a car illegal park at the edge of concrete 
pavements. The plan of the testing frame is shown in Figure 5.19. In this test, Slab 2 
was jacked up at Point C and additional load, ranging from 0 to 400 kg, was added to 
the Slab 1.  
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To measure the displacements, four dial gauges were mounted at G1, G2, G7 and G8 
and four LVDTs were mounted at critical points at G3 to G6 to measure the 
displacement of slab. As the slab was pushed up, the displacements at the locations G3 
to G6 were recorded and the displacements at the locations G1, G2, G7 and G8 were 
negligible. It is because the stepping displacement only occurred at Joint 2. The 
stepping displacement was obtained by subtracting displacement reading of G5 from 
that of G3 and similarly by subtracting displacement reading of G6 from that of G4. 
 
 
 
Figure 5.18 Slab 2 being pushed up at a corner 
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Figure 5.19 Plan of testing frame – Jacking up at Point C 
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5.5.2.1 Jacking up at Point C with No Additional Load on Slab. 
Table 5.9 and Figure 5.20 illustrate the stepping displacement results. It is observed that 
the stepping displacement near G6 (where the jacking force was applied) varied from 
1.3 mm to 2.8 mm, while on the other side of the slab the stepping displacement was 
much smaller (varying from 0.8 mm to 1.4 mm). In this case, it makes much easier to 
look at the average stepping displacement across Joint 2 (see the data in column four of            
Table 5.9). From Figure 5.20, it can be seen that the displacement at G6 initially 
exhibited linear behaviour up to a concrete slab lifting from ground of 40 mm and a 
stepping displacement of 2.84 mm.  
 
Table 5.9 Stepping displacement – Slab 2 was jacked up at Point C  
         with no additional load on slabs. 
 
Concrete slab lifting  Stepping 
displacement 
G3 – G5 (mm) 
Stepping 
displacement 
G4 – G6 (mm) 
Average stepping 
displacement 
(mm) 
from the ground 
(mm) 
0 0.00 0.00 0.00 
10 1.25 1.32 1.29 
20 1.43 1.60 1.52 
30 0.94 2.22 1.58 
40 0.79 2.84 1.82 
50 0.88 2.83 1.86 
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Figure 5.20 Stepping displacement – Slab 2 was jacked up at Point C  
                                   with no additional load on slabs. 
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5.5.2.2 Jacking up at Point C with 200 kg Load Distributed on Slab 1. 
This test was the same as section 5.5.2.1 except that 200 kg of load was applied to Slab 
1. The weights were evenly distributed across the whole of Slab 1. The results of this 
test are given in Table 5.10 and graphically shown in Figure 5.21. The maximum 
stepping displacement near G6 was 3.3 mm. Compared with the jacking up at Point C 
without additional load on the slab, it can be seen that the additional load would 
increase the level of stepping displacement. 
 
Table 5.10 Stepping displacement – Slab 2 was jacked up at Point C  
             with 200 kg dead load uniformly distributed on Slab 1. 
 
Concrete slab lifting  Stepping 
displacement 
G3 – G5 (mm) 
Stepping 
displacement 
G4 – G6 (mm) 
Average stepping 
displacement 
(mm) 
from the ground 
(mm) 
0 0.00 0.00 0.00 
10 1.14 1.56 1.35 
20 1.38 2.19 1.79 
30 1.33 2.36 1.85 
40 1.29 3.22 2.26 
50 1.20 3.34 2.27 
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Figure 5.21 Stepping displacement – Slab 2 was jacked up at Point C  
   with 200 kg dead load uniformly distributed on Slab 1. 
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5.5.2.3 Jacking up at Point C with 400 kg Load Distributed on Slab 1. 
In this test, Slab 2 was jacked up at Point C while 400 kg of load was applied to Slab 1 
and it was evenly distributed over the whole slab. The stepping displacement results are 
presented in Table 5.11 and Figure 5.22 shows the stepping displacement curve. Despite 
the excessive loading, the maximum stepping displacement recorded in this test is 5.05 
mm. It is apparent that the EPDM rubber joiner has tremendously reduced the stepping 
displacement. Without the EPDM rubber joiner, the displacement would have been      
50 mm. 
 
Table 5.11 Stepping displacement – Slab 2 was jacked up at Point C  
            with 400 kg dead load uniformly distributed on Slab 1. 
 
Concrete slab lifting  Stepping 
displacement 
G3 – G5 (mm) 
Stepping 
displacement 
G4 – G6 (mm) 
Average stepping 
displacement 
(mm) 
from the ground 
(mm) 
0 0.00 0.00 0.00 
10 1.17 4.18 2.68 
20 1.15 4.21 2.68 
30 1.52 4.59 3.06 
40 1.01 4.64 2.83 
50 1.07 5.05 3.06 
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Figure 5.22 Stepping displacement – Slab 2 was jacked up at Point C  
               with 400 kg dead load uniformly distributed on Slab 1. 
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5.5.2.4 Test on the Resilience of EPDM Rubber Joiner 
At the end of testing jacking up at Point C with a 400 kg load distributed on Slab 1, the 
400 kg of load on Slab 1 was gradually removed. The purpose of this test was to find 
out how resilient the rubber joiner was after it was stressed (or over-stressed). It would 
be desirable if the rubber would “bounce back” when the load was removed. 
 
The results of this test indicated that the rubber used for making the current batch of 
EPDM rubber had very little resilience – the stepping displacement at G5, G7 changed 
from 1.07mm to 1.00mm (a 6.5% reduction) after the 400 kg of load was removed, 
while the stepping displacement at G6, G8 changed from 5.05 mm to 4.88 mm (a 3.4% 
reduction). 
 
5.5.2.5 Jacking up at Point C with 200 kg Concentrated Load on Slab 1 
In all the previous tests, the applied loading was distributed across a whole slab. In AS 
3727, the specified loading of 2 kN could be a concentrated load. To assess the 
performance of EPDM rubber, the “worst scenario” load case would be the one where 
one slab was jacked up at a corner while a concentrated load was applied next to it on 
the adjoining slab. Figure 5.23 below shows such a set-up – the hydraulic jack pushed 
up Slab 2 at Point C and the 200 kg of concentrated load was applied to Point D (refer 
to Figure 5.19). The results are illustrated in Table 5.12 and Figure 5.24 
 
 
 
Figure 5.23  Slab jacked up at a corner with 200 kg concentrated  
                                       load applied to adjoining slab 
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Table 5.12 Stepping displacement – Slab 2 was jacked up at Point C and 
       200 kg concentrated load was applied to Point D. 
 
Concrete slab lifting  Stepping 
displacement 
G3 – G5 (mm) 
Stepping 
displacement 
G4 – G6 (mm) 
Average stepping 
displacement 
(mm) 
from the ground 
(mm) 
0 0.00 0.00 0.00 
10 0.99 2.97 1.98 
20 1.29 3.75 2.52 
30 1.53 3.83 2.68 
40 1.16 4.98 3.07 
50 1.67 5.82 3.75 
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Figure 5.24 Stepping displacement – Slab 2 was jacked up at Point C and 
        200 kg concentrated load was applied to Point D. 
 
5.5.3 Jacking up at Line EF  
In order to better understand the slabs were moved up almost uniformly across the 
width, resulting in a uniform distribution of force on the EPDM rubber joiner. A same 
test of jacking up at line AB is repeated to make sure the experimental results are 
reliable, reasonable and acceptable.  
 
In this test, the concrete slabs were pushed up from the bottom of Slab 2 along line EF 
using hydraulic jack. The line EF represents a long piece of solid timber of 1.4 m in 
length. It was placed between a solid timber cube (120 mm x 120 mm x 120 mm) and 
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the bottom surface of Slab 2 as shown in Figure 5.25. In the first testing of the slab, no 
additional load was applied to any of the slabs. However, to the second, a dead load of 
200 kg was added on Slab 1. The plan of testing is shown in Figure 5.26.  
 
In section 5.5.1, the timber 0.9 m in length (represents line AB) seems too short to 
support the concrete slabs width and caused a big difference in stepping displacement 
measurements form both sides of slab. The contact area between the timber length and 
the bottom of surface concrete slabs was about two third of concrete slabs width (refer 
Figure 5.11). It was difficult to make sure the timber was at the center when the slabs 
was pushed up using the hydraulic jack. 
 
To measure the displacements, the setup was same as jacking up at line EF           
(section 5.5.1). Four dial gauges were mounted at G1, G2, G7 and G8 and Four LVDTs 
were mounted at critical Points at G3 to G6 to measure the displacement of slab. As the 
slab was pushed up, the displacements at the locations G3 to G6 were recorded. It is 
well known from previous observation that in this test, the displacements at the 
locations G1, G2, G7 and G8 were negligible and the stepping displacement only 
occurred at Joint 2. The stepping displacement was obtained by subtracting 
displacement reading of G5 from that of G3 and similarly by subtracting displacement 
reading of G6 from that of G4. 
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Figure 5.25 Slabs being pushed up by a hydraulic jack 
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Figure 5.26 Plan of testing frame – Jacking up at line EF 
 
 
5.5.3.1 Jacking up at Line EF with No Additional Load on Slab. 
In this test, no additional load was applied to any of the slabs. Table 5.13 illustrates the 
stepping displacement results and the graphically shown in Figure 5.27. It can be seen 
that the stepping displacement at G3 – G5 varied from 0.40 mm to 1.33 mm, while at 
G4 – G6, the stepping displacement was much higher (varying from 1.29 mm to 2.75 
mm). The maximum stepping displacement test was 2.75 mm. However, comparing to 
jacking up at line AB, the maximum stepping displacement was 5.62 mm. It could be 
the hydraulic was used for lifting up Slab 2 at line AB (refer Figure 5.11) was not 
positioned at the centre. It could also be the timber was too short and was not placed at 
the centre.   
 
Table 5.13 Stepping displacement – Slab 2 was jacked up at line EF  
             with no additional load on slab.  
 
Concrete slab lifting  Stepping 
displacement 
G3 – G5 (mm) 
Stepping 
displacement 
G4 – G6 (mm) 
Average stepping 
displacement 
(mm) 
from the ground 
(mm) 
0 0.00 0.00 0.00 
10 0.40 1.29 0.85 
20 1.00 2.62 1.81 
30 0.59 1.37 0.98 
40 1.33 2.65 1.99 
50 1.07 2.75 1.91 
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Figure 5.27 Stepping displacement – Slab 2 was jacked up at line EF  
           with no additional load on slab. 
 
5.5.3.2 Jacking up at Line EF with 200 kg Load Distributed on Slab 1. 
This test was the same as jacking up at line AB with a 200kg load on the slab, exception 
being the line EF (represent timber 1.4 m in length) was much longer than line AB 
(represent timber 0.9 m in length). The results are presented in Table 5.14 and 
graphically shown in Figure 5.28. It should be noted that the stepping displacements for 
both sides of the slab obtained almost the same values when the concrete Slab 2 was 
pushed up from the ground from between 20 mm to 40 mm. The maximum stepping 
displacement was 3.37 mm. Compared to jacking up at line AB with 200 kg load on 
Slab 3, the stepping displacement was approximately 0.23 mm lower. 
 
Table 5.14 Stepping displacement – Slab 2 was jacked up at line EF  
          with 200 kg load added on Slab 1 
 
Concrete slab lifting  Stepping 
displacement 
G3 – G5 (mm) 
Stepping 
displacement 
G4 – G6 (mm) 
Average stepping 
displacement 
(mm) 
from the ground 
(mm) 
0 0.00 0.00 0.00 
10 2.30 2.88 2.59 
20 1.87 2.00 1.94 
30 1.69 1.80 1.75 
40 1.32 1.79 1.56 
50 1.15 3.37 2.26 
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Figure 5.28 Stepping displacement – Slab 2 was jacked up at line EF  
           with 200 kg load added on Slab 1. 
 
5.5.4 Replaced Two EPDM Rubber Joiners in Middle 
After all the tests were carried out, the two rubber joiners in the middle (Joints 2 and 3) 
were replaced with new EPDM rubber joiner strips to ensure that the rubber was not 
damaged or twisted before undertaking further tests. At Joint 2, the rubber joiner was 
replaced with a new original EPDM rubber joiner strip. However, a new profile rubber 
joiner strip replaced at the Joint 3 as shown in Figure 5.29. The shapes and dimensions 
were the same as previous the EPDM rubber joiner strip, except this one was without 
the compression hole. The holes were shown in the joiners to relieve the excessive 
compressive stresses between both concrete slabs.  
 
 
  
 
Figure 5.29 A new rubber joiner strip replaced at Joint 3. 
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5.5.4.1 Jacking up at Line EF with No Additional Load on Slab 
The test was conducted same as pervious test (section 5.5.3.1) after the EPDM rubber 
joiner was replaced. This was to confirm the results of tests on Joint 2. The plan of testing 
is shown in Figure 5.26. The stepping displacement results are presented in Table 5.15 
and graphically shown in Figure 5.30. The average stepping displacement varied from 
3.08 mm to 3.97 mm. Comparisons between this test and the previous test (before EPDM 
rubber joiner replaced) indicated that the two measurements are different. The trend of 
the graph as plotted in Figure 5.30 is different with Figure 5.27. The difference way is 
attributed to the fact that in the second test, EPDM rubber joiner is not in full contact with 
the slab. This is because the EPDM rubber joiner was replaced in the concrete slabs and 
not cast in-situ as the EPDM rubber joiner cast in concrete slabs.  
Table 5.15 Stepping displacement – Slab 2 was jacked up at line EF  
          with no additional load on slab. 
 
Concrete slab lifting  Stepping 
displacement 
G3 – G5 (mm) 
Stepping 
displacement 
G4 – G6 (mm) 
Average stepping 
displacement 
(mm) 
from the ground 
(mm) 
0 0.00 0.00 0.00 
10 2.95 3.20 3.08 
20 3.13 3.91 3.52 
30 3.02 3.95 3.49 
40 3.68 3.88 3.78 
50 3.77 4.17 3.97 
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Figure 5.30 Stepping displacement – Slab 2 was jacked up at line EF  
           with no additional load on slab. 
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5.5.4.2. Jacking up at Line EF with 200 kg Load Distributed on Slab 1 
In this test is similar to the pervious test (section 5.5.3.2), Slab 2 was jacked up at line 
EF and 200 kg dead load added on Slab 1. The stepping displacement results are 
presented in Table 5.16 and Figure 5.31 shows the stepping displacement curve. The 
average stepping displacement varied from 3.94 to 4.46 mm. The trend of the graph as 
shown in Figure 5.31 is different with previous test (before EPDM rubber joiner was 
replaced) as shown in Figure 5.28 but it is similar to Figure 5.30. The reason for the 
difference may be the different contact situation as discussed earlier. 
 
Table 5.16 Stepping displacement – Slab 2 was jacked up at line EF  
          with 200 kg load added on Slab 1. 
 
Concrete slab lifting  Stepping 
displacement 
G3 – G5 (mm) 
Stepping 
displacement 
G4 – G6 (mm) 
Average stepping 
displacement 
(mm) 
from the ground 
(mm) 
0 0.00 0.00 0.00 
10 3.70 4.30 4.00 
20 3.80 4.42 4.11 
30 3.68 4.20 3.94 
40 3.66 4.52 4.09 
50 4.21 4.71 4.46 
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Figure 5.31 Stepping displacement – Slab 2 was jacked up at line EF  
           with 200 kg load added on Slab 1. 
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5.5.5 Jacking up at Line GH (Without Compression Hole) 
This test was the same as jacking up at lines AB and EF except that the test was carried 
out on Joint 3 and a new EPDM rubber joiner profile replaced as shown in Figure 5.29. 
The plan of the concrete testing frame is shown in Figure 5.32. In this test, the concrete 
slabs were pushed up from the bottom of Slab 2 along line GH using hydraulic jack. In 
the first testing of the slab, no additional load was applied to any of the slabs. However, 
to the second, a dead load of 200 kg was added on Slab 3. 
 
To measure the displacements, dial gauges were mounted at G1, G2, G7 and G8 and 
LVDTs were mounted at critical Points at G3 to G6 to measure the displacement of 
slab. As the slab was pushed up, the displacements at the locations G3 to G6 were 
recorded. It is noted that in this test, the displacements at the locations G1, G2, G7 and 
G8 were negligible and the stepping displacement only occurred at Joint 3. The stepping 
displacement was obtained by subtracting displacement reading of G3 from that of G5 
and similarly by subtracting displacement reading of G4 from that of G6. 
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Figure 5.32 Plan of testing frame – Jacking up at line GH 
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5.5.5.1 Jacking up at Line GH with No Additional Load on Slab 
In this test, no additional load was applied on the slab. The results of testing are 
illustrated in Table 5.17 and Figure 5.33. The trend of the curve as shown in Figure 5.33 
was a linear line. It can be seen that the added load would increase the stepping 
displacement level in EPDM rubber joiner (without compression hole) Joint 3. The 
average stepping displacement varied from 1.11 mm to 3.18 mm. Note that in this test, 
the maximum stepping displacement was 3.37 mm which is lower than when compared 
to 4.17 mm of the Joint 2 after replaced two EPDM rubber joiners in middle. 
 
Table 5.17 Stepping displacement – Slab 2 was jacked up at line GH  
          with no additional load on slab. 
 
Concrete slab lifting  Stepping 
displacement 
G5 – G3 (mm) 
Stepping 
displacement 
G6 – G4 (mm) 
Average stepping 
displacement 
(mm) 
from the ground 
(mm) 
0 0.00 0.00 0.00 
10 0.97 1.24 1.11 
20 1.51 1.93 1.72 
30 1.88 2.46 2.17 
40 2.43 2.82 2.63 
50 2.98 3.37 3.18 
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Figure 5.33 Stepping displacement – Slab 2 was jacked up at line GH  
           with no additional load on slab. 
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5.5.5.2 Jacking up at Line GH with 200 kg Load Distributed on Slab 3. 
The stepping displacement results are presented in Table 5.18 and stepping 
displacement curve is plotted Figure 5.34. In this test, the maximum stepping 
displacement was recorded at 4.71 mm when the 200 kg load distributed evenly across 
the whole Slab 3. However, the corresponding displacement measurement on the other 
side of the slab was 3.62 mm. This indicates that the slabs were slightly titled about 1.1 
mm between G6 – G4 and G5 – G3. In addition, the trend of the curve as plotted in 
Figure 5.34 was very similar to that of the pervious test where no addition load was 
applied on slab as plotted in Figure 5.33.  
 
Table 5.18 Stepping displacement – Slab 2 was jacked up at line AB  
          with 200 kg load added on Slab 3. 
 
Concrete slab lifting  Stepping 
displacement 
G5 – G3 (mm) 
Stepping 
displacement 
G6 – G4 (mm) 
Average stepping 
displacement 
(mm) 
from the ground 
(mm) 
0 0.00 0.00 0.00 
10 1.90 2.10 2.00 
20 2.11 2.79 2.45 
30 2.37 3.34 2.86 
40 3.26 4.01 3.64 
50 3.62 4.71 4.17 
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Figure 5.34 Stepping displacement – Slab 2 was jacked up at line AB  
           with 200 kg load added on Slab 3. 
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5.5.6 Creep Displacement Test 
To examine the effect of sustained loading over a period of time, a creep displacement 
test was carried out. In this test, Slab 2 was jacked up by 50 mm from the bottom along 
line GH (1.4 m in length) and two additional dial gauges BG 9 and BG 10 were placed 
onto the bottom of Slabs 2 and 3 respectively. The plan of the testing frame is shown in 
Figure 5.32. A total of 200 kg load was applied on top of Slab 3. While Slab 2 was 
jacked up and the 200 kg load applied, measurements of creep displacements were 
taken at critical Points using digital dial gauges and LVDTs.  
 
The displacements were recorded over a period of 12 weeks and detailed results are 
given in Appendix B1. Figure 5.35 shows the additional stepping displacement due to 
creep. The maximum creep displacement measured over this period of 12 weeks was 
0.64 mm. It was surmised that the creep displacement would continue to increase for a 
long time, albeit by a small amount. The creep displacement is the additional 
displacement from the initial stepping displacement under short term loading. Tests 
indicated that the creep of the EPDM rubber joiners make them unsuitable as shear 
connectors.  
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Figure 5.35 Stepping displacement due to creep – EPDM rubber joiner 
 
 
 
 
105 
Chapter 5 Study on Shear Connectors as Control Joints 
 
 
5.6 Full Scale Laboratory Tests on PVC Joiners 
After completion of full scale laboratory tests on EPDM rubber joiners, the same testing 
frame was set up to conduct tests on the PVC joiners. The main purpose of this testing 
also focuses on stepping displacement. Australian Standard AS 3727 is used to 
determine the maximum allowable stepping displacement.  
 
5.6.1  Jacking up at Line IJ 
The plan of the testing frame is shown in Figure 5.36. In this test, the concrete slabs 
were pushed up from the bottom of Slab 2 along a long piece of solid timber using a 
hydraulic jack. The 1.4m long solid timber was placed between a solid timber cube      
(120 mm x 120 mm x 120 mm) and the bottom surface of Slab 2 as shown in         
Figure 5.25. No additional load was applied to any of the slabs during the first test. 
Later, a uniformly distributed dead load of 200 kg, 400 kg and 490 kg was added to 
Slab 1 in the second, third and fourth tests, respectively.  
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Figure 5.36 Plan of testing frame – Jacking up at line EF 
 
To measure the displacements, LVDTs were mounted at critical points. As the slabs 
were pushed up, the displacements at the locations G3 to G6 were recorded by LVDTs. 
It is noted that in this test, the displacements at the locations G1, G2, G7 and G8 were 
negligible. The stepping displacement was obtained by subtracting displacement 
reading of G5 from that of G3 and similarly by subtracting displacement reading of G6 
from that of G4. The results are illustrated in Table 5.19 and Figure 5.37. 
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Table 5.19 Stepping displacement when jacking up at line IJ 
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 Stepping displacement at  Stepping displacement at  
G3–G5 (mm) G4 – G6 (mm) 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
0 kg 0.00 0.25 0.68 0.73 0.00 0.13 0.34 0.44 
200 kg 0.00 0.55 0.76 0.84 0.00 0.47 0.62 0.98 
400 kg 0.00 0.61 1.12 1.26 0.00 0.62 1.42 1.52 
490 kg 0.00 0.91 1.20 1.82 0.00 1.42 1.80 2.03 
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Figure 5.37 Stepping displacement when jacking up at line IJ 
 
 
From Table 5.19 and Figure 5.37, it is seen the stepping displacement increased when 
additional dead load was added to the slab. The maximum stepping displacement 
recorded without additional load on the slab was 0.73mm, which happened when the 
corresponding stepping displacement on the other side of the slab was 0.44mm. This 
indicates that the slabs were slightly tilted. It could be because the jacking force was not 
exactly at the centre or the slabs / joiners were not perfectly symmetrical. The self-
weight of each slab was about 400kg. The maximum stepping displacement recorded in 
the test was 2.03mm when 490kg of dead load was put on Slab 1.  
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5.6.2  Jacking up at Point K 
With the previous tests, the slabs were moved up almost uniformly across the width, 
resulting in a uniform distribution of force on the PVC joiner. A more challenging case 
would be the one where Slab 2 is pushed up at a corner which is similar with jacking up 
at Point C. 
 
In this test, Slab 2 was jacked up at Point K as shown in Figure 5.38. No additional load 
was applied to any of the slabs during the first test. In the second test a uniformly 
distributed dead load of 200 kg was added on Slab 1. The stepping displacement results 
are presented in Table 5.20 and Figure 5.39 shows the stepping displacement curve. 
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Figure 5.38 Plan of testing frame – Jacking up at Point K. 
 
 
 
Table 5.20 Stepping displacement - Slab 2 was jacked up at Point K with no additional 
       load on slab and 200kg dead load uniformly distributed on Slab 1 
 
 Stepping displacement at  
G3 – G5 (mm) 
Stepping displacement at  
G4 – G6 (mm) 
Lift 
Load 0 10mm 30mm 50mm 0 10mm 30mm 50mm
0 kg 0.00 0.51 0.60 0.69 0.00 1.10 1.15 1.24 
200 kg 0.00 0.76 0.97 1.09 0.00 1.40 1.60 1.88 
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Figure 5.39 Stepping displacement - Slab 2 was jacked up at Point K with no additional  
        load on slab and 200kg dead load uniformly distributed on Slab 1 
 
It is seen that the stepping displacement near G6 (where the jacking force was applied) 
varied from 1.24 mm (with no additional load) to 1.88 mm (with 200 kg additional dead 
load).  On the other side of the slab, the stepping displacements for both tests were 
much smaller - 0.69 mm with no additional load and 1.09 mm with 200 kg load. 
 
The third test was the same as the second test except that 200 kg dead load was 
distributed on a quarter of Slab 1 near Point D. The results of this test are given in   
Table 5.21 and graphically shown in Figure 5.40. The maximum stepping displacement 
was 2.18 mm. 
 
 
Table 5.21 Stepping displacement - Slab 2 was jacked up at Point K with 200kg 
            dead load distributed on a quarter of Slab 1 
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 Stepping displacement at  Stepping displacement at  
G3 – G5 (mm) G4 – G6 (mm) 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
200 kg 0.00 0.28 0.31 0.43 0.00 1.14 1.63 2.18 
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Figure 5.40 Stepping displacement - Slab 2 was jacked up at Point K with 200kg 
             dead load distributed on a quarter of Slab 1 
 
 
The last test on Joint 2 was the most challenging one where a 200kg concentrated load 
was applied. The hydraulic jack pushed up Slab 2 at Point C and the 200kg concentrated 
load was applied to Point D (refer to Figure 5.38). To assess the performance of PVC 
joiner, the ‘worst scenario’ load case was where one slab was pushed up at a corner 
while a concentrated load was applied next to it on the adjoining slab.  
 
The results of this test are given in Table 5.22 and Figure 5.41 shows the stepping 
displacement curve. The maximum stepping displacement at G6 was 2.49mm, while on 
the other side of the slab the stepping displacement was 1.87mm. 
 
Table 5.22 Stepping displacement - Slab 2 was jacked up at Point K and  
 200kg of concentrated load was applied to Point L 
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 Stepping displacement at  Stepping displacement at  
G3 – G5 (mm) G4 – G6 (mm) 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
200 kg 0.00 1.03 1.41 1.87 0.00 1.83 2.08 2.49 
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Figure 5.41 Stepping displacement - Slab 2 was jacked up at Point K and  
   200kg of concentrated load was applied to Point L 
 
 
5.6.3  Jacking up at Line MN 
All the tests discussed so far were conducted on Joint 2. The same tests were repeated 
on Joint 3.  This test was the same as jacking up at lines IJ. This was to confirm the 
results of tests on Joint 3. The plan of the concrete testing bed is shown in Figure 5.42 
and the results are illustrated in Table 5.22 and Figure 5.43.  
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Figure 5.42 Plan of testing frame – jacking up at line MN 
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Table 5.23 Stepping displacement when jacking up at line MN 
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 Stepping displacement at  Stepping displacement at  
G5 – G3 (mm) G6 – G4 (mm) 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
0 kg 0.00 0.65 0.67 0.78 0.00 0.50 0.50 0.69 
200 kg 0.00 0.70 1.15 1.73 0.00 0.52 0.74 1.17 
400 kg 0.00 0.78 1.35 1.51 0.00 0.54 0.72 1.39 
490 kg 0.00 0.94 1.63 2.25 0.00 0.73 1.90 2.04 
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Figure 5.43 Stepping displacement when jacking up at line MN 
 
The stepping displacement varied from 0.78mm to 2.25mm when the additional load on 
Slab 3 increased from zero to 490kg. The magnitude of the stepping displacement was 
similar to the result of the same test on Joint 2. Compared to EPDM rubber joiner, the 
PVC joiner was shown to offer the best load transfer between slabs which reduce the 
stepping displacement or vertical movement.  
 
5.6.4  Jacking up at Point O 
 
In this test, Slab 2 was jacked up at Point O shown in Figure 5.44. No additional load 
was applied to any of the slabs for the first test. In the second test a uniformly 
distributed load of 200kg was added on Slab 3. The stepping displacement results are 
presented in Table 5.24 and the stepping displacement curve is plotted in Figure 5.45. 
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Figure 5.44 Plan of testing frame – jacking up at Point O 
 
 
Table 5.24 Stepping displacement - Slab 2 was jacked up at Point O with no 
                  additional load on slab and 200kg dead load distributed on Slab 3 
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 Stepping displacement at  Stepping displacement at  
G5 – G3 (mm) G6 – G4 (mm) 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
0 kg 0.00 0.21 0.45 0.67 0.00 0.44 0.71 1.01 
200 kg 0.00 0.34 0.66 0.70 0.00 0.96 1.51 1.88 
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Figure 5.45 Stepping displacement - Slab 2 was jacked up at Point O with no 
                    additional load on slab and 200kg dead load distributed on Slab 3 
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When there was no additional dead load on the slabs, the maximum stepping 
displacement was 1.01mm which compared well with the result of the test on Joint 2 
(1.24mm). When a 200kg load was uniformly added to Slab 3, the maximum stepping 
displacement was 1.88mm which was the same as the result of the test on Joint 2. 
  
In the next test, a 200kg dead load was applied to a quarter of Slab 3. The results of this 
test are given in Table 5.25 and the stepping displacement curve is plotted in Figure 
5.46. The maximum stepping displacement was 2.32mm which compared well with the 
result of the same test on Joint 2 (2.18mm).  
 
Table 5.25 Stepping displacement - Slab 2 was jacked up at Point O with  
200kg dead load distributed on a quarter of Slab 3 
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 Stepping displacement at  Stepping displacement at  
G5 – G3 (mm) G6 – G4 (mm) 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
200 kg 0.00 0.48 0.61 0.52 0.00 1.35 1.88 2.32 
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Figure 5.46 Stepping displacement - Slab 2 was jacked up at Point O with  
200kg dead load distributed on a quarter of Slab 3 
 
Finally the hydraulic jack pushed up Slab 2 at Point I and a concentrated load of 200kg 
was applied to Point J (refer to Figure 5.44). The results of this test are given in      
Table 5.26 and graphically shown in Figure 5.47. The maximum stepping displacement 
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was 2.48mm which was similar to the result of the same test on Joint 2 (2.49mm). There 
was no cracking of the concrete at the point loading or anywhere else and the PVC 
joiner remained completely undamaged. Compared to the results of EPDM rubber 
joiner, the PVC joiner was shown an engineering solution for minimising stepping 
displacement / vertical movement. 
 
Table 5.26 Stepping displacement - Slab 2 was jacked up at Point O and  
                               200kg concentrated load was applied to Point P 
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 Stepping displacement at  Stepping displacement at  
G5 – G3 (mm) G6 – G4 (mm) 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
200 kg 0.00 0.44 0.44 0.50 0.00 1.81 2.10 2.48 
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Figure 5.47 Stepping displacement - Slab 2 was jacked up at Point O and  
                                 200kg concentrated load was applied to Point P 
 
 
5.6.5 Creep Displacement Test 
To examine the effect of sustained loading over a period of time, a creep test was 
carried out. In this test, Slab 2 was jacked up at line QR and two additional dial gauges 
BG9 and BG10 were placed onto the bottom of Slabs 2 and 3 respectively. The plan of 
the testing frame is shown in Figure 5.48. A distributed load of 200 kg was applied on 
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top of Slab 3 for the initial 28 days, followed by an additional period of 35 days with no 
load applied to any of the other slabs.  
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Figure 5.48 Plan of testing frame for the creep test 
 
The creep results were recorded over a period of 9 weeks and the details are given in 
Appendix B2. Figure 5.49 shows the additional stepping displacement due to creep.  
The maximum creep displacement measured over the period of 9 weeks was 0.21 mm. 
After about 7.5 weeks, a steady state was reached (i.e. the creep stopped). The test 
results clearly demonstrate the PVC joiners satisfy the stepping displacement due to 
creep in addition to the initial stepping displacement under short term loading.  
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Figure 5.49 Stepping displacement due to creep – PVC joiner 
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5.7 Conclusions 
In this chapter, a series of experiments to explore EPDM rubber and PVC joiners as 
shear connectors is presented. From the experimental observations, the worst stepping 
displacement for the EPDM rubber and PVC joiners were 5.82 mm and 2.49 mm when 
one slab being jacked up at a corner while a 200 kg concentrated load being applied 
next to it on the adjoining slab. However, the stepping displacement results of PVC 
joiner were quite different when compared with the EPDM rubber joiner. It could be the 
rigidity of the PVC joiner, which helped to reduce the stepping displacement. If the 
joiner is too soft, the total stepping displacement could exceed the allowable limit. 
Nearly all the test results clearly demonstrate the 75mm EPDM and PVC joiners 
satisfied the performance criterion of 5 mm maximum allowable stepping displacement 
as specified in AS 3272, the exception being one EPDM rubber joiner test when a slab 
was jacked up at a corner while a 200 kg concentrated load being applied next to it on 
the adjoining slab. The study by the author as reported in this chapter clearly 
demonstrate the PVC joiner is superior to the EPDM joiner for minimizing stepping 
displacement of pavements, especially under long term effects due to creep. 
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CHAPTER 6 : PROPOSED INNOVATIVE JOINERS  
 
 
6.1 Introduction 
In this chapter, alternate materials and/or different shapes are proposed and tested to 
develop an understanding of the load transfer mechanism of an innovative control joint 
for concrete pavements. Load transfer capacity can be important in pavements to resist 
vertical shear forces and control differential vertical movement, thus reducing the 
potential for joint damage and serviceability problems. The proposed joiner is an 
innovative solution to concrete pavement displacement problems and helps to reduce 
random cracking and trip hazards by allowing concrete to articulate. The proposed 
joiner enables significant soil movement and tree root invasion without causing the 
pavement to crack or cause a raised lip in the surface which might trip unsuspecting 
pedestrians. It has the advantage of being simpler to install than a dowelled joint while, 
combining crack inducing action with a load transfer mechanism. 
 
 
6.2 Test Setup and Concrete Pouring 
A full scale prototype concrete pavement of 3.5 m long, 0.5 m wide and 75 mm thick 
was cast on a steel testing frame. The testing frame used was the same as the CFRP 
dowel testing frame design of which is discussed in Section 3.6.1. The testing frame 
was designed in such a way that the formwork can be removed from underneath the 
concrete slabs and the slabs can be jacked up from virtually any point – to simulate 
various scenarios of tree root invasion and soil expansion / movement. 
 
Four proposed joiners were tested in the experimental program. The notation of the 
proposed joiners was given in section 3.2.4 – 3.2.7. In each test, three joiners of each 
proposed joiner were installed in the prototype pavement. They were 1.5 m apart from 
each other. The two ends of the pavement were restrained by steel angles. The locations 
of the joiners are shown in Figure 6.1 and their cross –sectional shapes are shown in 
Figure 6.2.  
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According to AS3727 (1993), the minimum breaking load for concrete pavement of 75 
mm thickness is 2 kN on one panel of the pavement which weighs approximately 200 
kg. One panel of the pavement is approximately 1.5 m x 1.5 m. In this study, one panel 
of the pavement is approximately, 1.5 m x 0.5 m which is approximately three times 
less width than specified in the AS3727 (1993). In this case, a series of tests was 
conducted with loading on the slabs ranging from 0 to 160 kg which is three times less 
than standard tests. 
 
Extensive displacement data measurements have been recorded from these tests with 
computer controlled data logging equipment. This research will focus on stepping 
displacement (the difference between the vertical movements of adjoining slabs) which 
is the main cause of tripping hazards in pedestrian concrete pavements and therefore the 
most critical measurement for assessing the adequacy and performance of the joiners. 
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Figure 6.2 Proposed joiners 
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6.3 Concrete Properties  
In this study, all concretes ordered from a Ready - Mix Company had a nominal 
compressive strength of 20 MPa at 28 days. The concrete was supplied with a 
maximum aggregate size of 20 mm. A slump 75 ± 25 mm was required, as determined 
by a standard slump test. At the time of each casting for the concrete pavement, 32 
cylinders and 8 prisms were also cast. Three cylinders were used for determining the 
compressive strength and tensile splitting strength of the concrete at 7, 28, 56 and 90 
days. As well, two concrete cylinders and prisms were used for determining the 
modulus of elasticity and flexural strength of the concrete at 7, 28, 56 and 90 days. To 
estimate the accuracy of the results, the coefficient of variation was calculated for all 
measurements and the average value was found to be approximately 1%. The relatively 
low variation indicates the reliability of the results and is attributed to good control of 
materials used, the same operator and instrumentation throughout the duration of the 
study. 
 
All the concrete pavements were tested at 28 days unless otherwise stated. The mixtures 
had slump values 60 mm for the aluminium joiner, 90 mm for the crack inducer, 85 mm 
for the modification to the crack inducer and 140 mm for the concrete joiner. The 
concrete joiner had the highest slump of 140 mm. This is because the Ready-Mix 
concrete added a bit more chemical admixture of 0.1 litre per 100 kg cement. According 
to the chemical admixture manufacturer, the dosage is 0.7 – 1.0 litre per 100 kg of 
cement. However, other dosages may also be used depending on the specific working 
condition but this would not have affected the concrete strength. On visual inspection, 
all mixes exhibited good cohesiveness and no bleeding was detected. The compressive 
strength, modulus of elasticity, tensile splitting strength and flexural strength of the 
concrete which were measured at the time of testing are now discussed below. 
 
6.3.1 Compressive Strength 
The cylinder compressive strengths for all the concrete mix series are given in Table 6.1 
and graphically shown in Figure 6.3. All concrete specimens experienced gain in 
strength with water curing as well as with air drying. There was no reduction in strength  
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at all ages for both curing. By keeping the water curing specimens saturated, hydration 
of cement continues to take place, therefore resulting in continuous strength 
development higher than air drying specimens. Concrete specimens were tested at 56 
and 90 days for reference purpose only.  
 
It is observed that all concrete mix series achieved compressive strength 70% onward of 
20 MPa at 7 days. According to AS 3727, the compressive strength shall be 20 MPa 
prior to conducting tests on concrete slabs 75 mm in thickness. At 28 days, the 
compressive strength varied from 20.7 MPa to 28.3 MPa for aluminium joiner, 19.3 
MPa to 23.6 MPa for crack inducer, 19.6 MPa to 23.9 MPa for modified crack inducer 
and concrete joiner respectively. A difference between the curing regimes on the 
strength performance is noted. On one hand, when air dried the compressive strength 
was 5 % less than when water cured but did not create any significant difference in 
compressive strength. 
 
Table 6.1 Compressive strength 
 
Compressive Strength (MPa) Types of joiner Curing regimes 7 days 28 days 56 days 90 days 
Water curing 19.7 
(0.2) 
28.3 
(1.8) 
29.7 
(0.6) 
31.4 
(2.3) Aluminium joiner Air drying 19.8 
(0.2) 
20.7 
(0.6) 
20.8 
(0.7) 
22.7 
(2.0) 
Water curing 16.7 
(2.0) 
23.6 
(1.5) 
24.9 
(1.4) 
30.4 
(2.9) Crack inducer Air drying 14.8 
(2.6) 
19.3 
(0.7) 
20.5 
(0.7) 
20.5 
(0.4) 
Water curing 15.3 
(0.6) 
23.9 
(1.5) 
27.5 
(1.0) 
27.8 
(1.2) Modified crack inducer Air drying 14.1 
(1.5) 
19.6 
(1.6) 
20.2 
(0.3) 
22.0 
(0.5) 
Water curing 19.1 
(0.6) 
25.0 
(0.5) 
26.0 
(0.8) 
29.3 
(1.0) Concrete joiner Air drying 17.8 
(0.2) 
19.8 
(1.4) 
20.7 
(1.4) 
23.8 
(1.2) 
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Figure 6.3 Compressive strength 
 
 
6.3.2 Static Modulus of Elasticity 
All concrete specimens were cured under two curing regimes until the day of testing at 
7, 28, 56 and 90 days. At each age, two 100 mm diameter x 200 mm height cylinder 
specimens were tested and the average of the slopes of the regression lines of the stress 
– strain curve was taken as the static of modulus of elasticity. Table 6.2 shows the 
variation of the modulus of elasticity for all concrete mix series. The modulus of 
elasticity curve is plotted in Figure 6.4.  
 
In general, at early ages, the modulus of elasticity follows a trend similar to that of the 
compressive strength development. At the later ages, slight improvement in the 
modulus of elasticity was noted for all concrete mix series. At 28 days, all concrete mix 
series under water curing recorded stiffness values in the range of 19.4 GPa to 21.4 GPa 
while air drying was in the range of 16.6 GPa to 19.2 GPa.  
 
The results indicate that generally as the concrete strength increases, so does the 
modulus of elasticity, although the rate of increase is less compared to the rate of 
increase in strength. The greater modulus of elasticity for higher compressive strength 
concrete results from the greater stiffness of its cement and its higher cement aggregate 
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tensile bond strength (Neville 1997). The concrete strength is controlled mainly by the 
strength of its cement whilst both the cement and the aggregate influence stiffness. 
Therefore, an increase in quality (strength and stiffness) of the mortar will significantly 
increase the strength of the concrete. This behaviour has also been noted by Mahmud 
(1986), in his study on the effect of curing conditions on the elastic modulus.  
 
Table 6.2 Static modulus of elasticity 
 
Modulus of Elasticity (GPa) Types of joiner Curing regimes 7 days 28 days 56 days 90 days 
Water curing 18.0 
(0.3) 
20.9 
(0.4) 
21.0 
(0.6) 
24.8 
(0.4) Aluminium joiner Air drying 17.1 
(0.4) 
18.1 
(0.4) 
18.6 
(0.7) 
19.1 
(1.1) 
Water curing 15.4 
(1.1) 
20.2 
(0.5) 
21.3 
(1.3) 
25.3 
(1.3) Crack inducer Air drying 15.0 
(0.4) 
16.6 
(0.3) 
19.7 
(0.5) 
21.4 
(1.2) 
Water curing 17.8 
(1.3) 
19.4 
(0.3) 
20.5 
(0.1) 
20.5 
(0.5) Modified crack inducer Air drying 14.1 
(0.7) 
17.2 
(0.5) 
19.0 
(0.2) 
20.2 
(0.4) 
Water curing 18.3 
(0.6) 
21.4 
(0.1) 
22.8 
(0.6) 
24.2 
(0.6) Concrete joiner Air drying 18.3 
(0.5) 
19.2 
(1.5) 
20.2 
(0.4) 
21.8 
(0.8) 
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Figure 6.4 Static modulus of elasticity 
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6.3.3 Tensile Splitting Strength  
The tensile strength of concrete was evaluated using indirect splitting test on cylinders 
as specified in the AS1012.10 (2000). Table 6.3 shows tensile splitting strength 
development up to the age of 90 days and graphically in Figure 6.5. Data shows that 
water curing for all concrete mix series improves tensile splitting strength at all ages. 
This is because all the specimens had fully hydrated when cured in water. It can be seen 
that the tensile splitting strength development as shown in Figure 6.5 generally follows 
the trend of compressive strength. 
 
Based on Table 6.3, it can be seen that the standard variation was consistent with results 
recorded. The maximum standard variation was found to be 0.3 %. It was apparent that 
the 7 days tensile splitting strength of all concrete mix series was tested ranged of 2.2 
MPa to 2.9 MPa for water curing and 1.3 MPa to 1.9 MPa for air drying. However, at 
28 days, all concrete mix series of water cured in the range of 2.8 MPa to 3.0 MPa, 
while air drying was in the range of 2.0 MPa to 2.5 MPa. The differential between 7 
days and 28 days, it is observed that all concrete mix series achieved tensile splitting 
strength 70 % onward at 7 days. Visual inspection on specimens crushed in the tensile 
splitting test did not detect any presence of honeycomb for all the concrete mix series.  
 
Table 6.3 Tensile splitting strength 
 
Tensile Splitting Strength (MPa) Types of joiner Curing regimes 7 days 28 days 56 days 90 days 
Water curing 2.9 
(0.3) 
3.0 
(0.1) 
3.1 
(0.1) 
3.1 
(0.2) Aluminium joiner Air drying 1.6 
(0.2) 
2.2 
(0.3) 
2.3 
(0.2) 
2.4 
(0.3) 
Water curing 2.2 
(0.2) 
2.8 
(0.3) 
3.1 
(0.1) 
3.3 
(0.2) Crack inducer Air drying 1.3 
(0.2) 
2.2 
(0.1) 
2.3 
(0.1) 
2.5 
(0.2) 
Water curing 2.5 
(0.1) 
2.7 
(0.1) 
2.7 
(0.3) 
2.8 
(0.1) Modified crack inducer Air drying 1.8 
(0.3) 
2.0 
(0.1) 
2.1 
(0.1) 
2.1 
(0.1) 
Water curing 2.8 
(0.1) 
2.8 
(0.1) 
3.0 
(0.2) 
3.0 
(0.1) Concrete joiner Air drying 1.9 
(0.1) 
2.5 
(0.1) 
2.5 
(0.1) 
2.6 
(0.1) 
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Figure 6.5 Tensile splitting strength 
 
 
6.3.4 Flexural Strength 
The flexural strength development of all the concrete mix series is presented in        
Table 6.4 and graphically in Figure 6.6. By average, the flexural strength for all 
concrete mix series was approximately one eighth of the cylinder compressive strength. 
The results obtained indicate that the water curing for all concrete mix series increase 
both flexural strength and tensile splitting strength significantly. 
 
Flexural strength at 28 days for all concrete mix series was in the order of 3.3 MPa to 
4.4 MPa for water curing and 2.8 MPa to 3.0 MPa for air drying. Percentage increase of 
water curing over air drying at 28 days were approximately 17 % for the aluminium 
joiner, 32 % for the crack inducer, 12 % for the modified crack inducer and 15 % for the 
concrete joiner. Beyond 28 days, all the concrete mix series did not show any 
significant strength increase, however unlike tensile splitting strength, all water curing 
concrete specimens attained higher flexural strength compared to air drying.  
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Table 6.4 Flexural strength 
 
Flexural Strength (MPa) Types of joiner Curing regimes 7 days 28 days 56 days 90 days 
Water curing 3.0 
(0.1) 
3.5 
(0.4) 
3.7 
(0.3) 
4.3 
(0.2) Aluminium joiner Air drying 2.6 
(0.2) 
2.9 
(0.1) 
3.4 
(0.3) 
4.0 
(0.4) 
Water curing 3.5 
(0.0) 
4.4 
(0.0) 
4.5 
(0.1) 
4.7 
(0.3) Crack inducer Air drying 2.6 
(0.1) 
3.0 
(0.2) 
3.3 
(0.4) 
3.5 
(0.4) 
Water curing 2.6 
(0.1) 
3.3 
(0.1) 
3.7 
(0.1) 
4.1 
(0.1) Modified crack inducer Air drying 2.2 
(0.1) 
2.9 
(0.1) 
3.1 
(0.2) 
3.3 
(0.0) 
Water curing 2.6 
(0.1) 
3.3 
(0.1) 
3.7 
(0.1) 
4.1 
(0.1) Concrete joiner Air drying 2.2 
(0.1) 
2.8 
(0.1) 
3.0 
(0.1) 
3.2 
(0.2) 
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Figure 6.6 Flexural strength 
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6.3.5 Drying Shrinkage 
Drying shrinkage is an important property of concrete, especially in concrete 
pavements. This is because concrete drying shrinkage causes pavement cracking if there 
is restraint. The results of drying shrinkage concrete samples and concrete pavements 
are discussed below. 
 
6.3.5.1 Shrinkage Tests on Standard Concrete Samples 
Companion standard shrinkage specimens of 75 mm x 75 mm x 280 mm were made 
and measurements were taken according to the specifications in AS1012.13 (1992), in 
50% RH environments. This is the expected range of internal relative humidity 
observed in a concrete structural element drying at 50% RH. The results of drying 
shrinkage for all concrete mix series up to 90 days is illustrated in Table 6.5 and 
graphically in Figure 6.7.  
 
The final measured shrinkage at 28 – 90 days varied between 84 microstrain, depending 
on the different time of casting. For the same concrete mix design, the rate of shrinkage 
as a percentage of the last measurement was remarkably constant regardless of the 
different time of casting. From the Table 6.5 and Figure 6.7, it appears that the concrete 
joiner concrete show marginally higher shrinkage strains than aluminium joiner and 
crack inducer concretes. However, the modified crack inducer concrete show the lowest 
shrinkage strains which were 434 microstrain at 28 days and 593 microstrain at 90 days 
respectively. 
 
Table 6.5 Drying shrinkage results of concrete samples 
 
Average shrinkage results (micro strain) 
Age (days) Aluminium 
joiner Crack inducer 
Modified crack 
inducer 
Concrete 
joiner 
1 72 48 44 89 
3 134 98 108 163 
7 235 188 196 280 
14 401 348 315 418 
28 493 482 434 518 
56 597 582 543 592 
90 656 635 593 677 
Note :  All the ages mentioned above do not include the initial 7 days of water curing. 
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Figure 6.7 Drying shrinkage results of concrete samples 
 
 
6.3.5.2 Shrinkage Tests on Concrete Pavements 
Concrete slabs were cast in the laboratory with dimensions of 1.5 m x 0.5 m x 75 mm. 
Demec discs were placed on the concrete slabs to measure the total shrinkage 
deformation. Figure 6.8 shows the plan of demec discs for measuring shrinkage strains 
on concrete slabs. Shrinkage strains over a period of 28 days are presented in Table 6.6. 
It can be seen that there were no significant shrinkage differential with the same water / 
cement ratio among four concrete slabs. However, all the joints in the concrete slabs 
show marginally higher shrinkage strains than within mid areas of the concrete slabs. 
This is because the region around the concrete joints experience volume changes during 
hydration of the cement paste between the concrete slabs and the joiners.  
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Figure 6.8 The locations of demec discs were placed on concrete slabs. 
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Table 6.6 Drying shrinkage on the concrete pavements 
 
 Microstrain (mm) 
Age Ref. A B C D E F G H I 
1 30 
36 
54 
78 
 71 
34 
36 
54 
 88 
34 
58 
99 
 60 
29 
39 
56 
 36 
35 
56 
72 
2  70 
38 
42 
59 
 90 
36 
41 
67 
 90 
32 
39 
56 
 80 
36 
36 
69 
 
3 40 
34 
52 
79 
 90 
38 
33 
49 
 82 
38 
46 
88 
 50 
23 
40 
66 
 16 
28 
50 
76 
4  90 
38 
40 
70 
 70 
39 
38 
68 
 90 
34 
40 
70 
 90 
33 
40 
72 
 
1 
day 
5 42 
37 
52 
78 
 60 
28 
40 
58 
 82 
43 
56 
77 
 40 
32 
38 
55 
 20 
30 
54 
79 
1 162 
128 
145 
180 
 120 
116 
135 
158 
 168 
162 
152 
192 
 139 
108 
142 
178 
 171 
139 
154 
186 
2  130 
118 
129 
155 
 160 
112 
140 
173 
 160 
113 
147 
163 
 130 
125 
134 
166 
 
3 160 
124 
144 
177 
 160 
108 
163 
172 
 160 
153 
155 
188 
 140 
109 
152 
172 
 143 
135 
143 
192 
4  220 
120 
138 
140 
 120 
116 
153 
164 
 160 
113 
155 
174 
 110 
120 
148 
178 
 
3 
days 
5 150 
127 
149 
163 
 100 
105 
139 
155 
 164 
149 
156 
188 
 122 
100 
164 
168 
 150 
136 
138 
186 
7 
days 
1 190 
142 
168 
242 
 180 
143 
168 
198 
 218 
155 
179 
238 
 216 
149 
159 
177 
 219 
156 
178 
249 
Chapter 6 Proposed Innovative Joiners
 
 
130 
2  200 
140 
188 
208 
 184 
144 
178 
198 
 184 
135 
169 
211 
 160 
144 
188 
199 
 
3 216 
168 
178 
225 
 182 
154 
164 
192 
 192 
169 
183 
242 
 211 
149 
178 
199 
 207 
174 
184 
264 
4  140 
168 
188 
211 
 182 
163 
192 
209 
 186 
142 
188 
216 
 180 
141 
192 
222 
 
5 202 
172 
188 
228 
 182 
143 
168 
208 
 216 
168 
188 
258 
 216 
154 
178 
218 
 198 
177 
190 
278 
1 360 
302 
326 
386 
 212 
242 
267 
353 
 400 
288 
312 
402 
 248 
261 
293 
342 
 378 
252 
289 
388 
2  200 
242 
288 
322 
 200 
226 
257 
326 
 216 
232 
277 
318 
 200 
239 
272 
338 
 
3 340 
287 
322 
387 
 260 
255 
274 
331 
 384 
268 
291 
398 
 254 
257 
287 
342 
 326 
262 
273 
389 
4  340 
238 
292 
319 
 261 
226 
285 
331 
 240 
216 
276 
324 
 214 
224 
278 
328 
 
14 
days 
5 336 
298 
322 
382 
 216 
278 
309 
361 
 384 
225 
259 
398 
 242 
233 
247 
351 
 330 
228 
298 
388 
1 432 
350 
385 
473 
 336 
316 
335 
404 
 526 
355 
374 
449 
 300 
333 
343 
425 
 498 
368 
377 
480 
2  320 
316 
343 
412 
 318 
319 
333 
409 
 320 
311 
316 
414 
 306 
312 
311 
431 
 
28 
days 
3 480 
364 
382 
479 
 330 
318 
322 
408 
 502 
373 
396 
452 
 328 
336 
336 
414 
 434 
372 
374 
477 
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4  340 
312 
344 
408 
 314 
322 
353 
411 
 326 
333 
362 
422 
 320 
321 
327 
419 
 
5 420 
365 
378 
442 
 360 
312 
325 
395 
 494 
372 
379 
488 
 320 
339 
336 
403 
 440 
364 
376 
465 
 
Note :-   Blue colour represents aluminium joiner’s concrete slabs 
 Red colour represents crack inducer’s concrete slabs 
 Magenta represents modified crack inducer’s concrete slabs 
 Cyan represents concrete joiner’s concrete slabs 
 
 
6.4 Joiners’ Properties 
The joiners’ used in this experimental programme were made of aluminium, PVC and 
concrete. The detailed dimensions and cross sections of the joiners are explained and 
shown in Section 3.2.4 – 3.2.7 and Figure 6.2 respectively. To determine the joiners’ 
material properties, compression or tension tests should be carried out. In order to carry 
out the compression or tension tests, standard dimensions of samples were required as 
stated in the standards.  
 
The aluminium joiner was formed by four angle numbers and the aluminium angle was 
bought from a hardware shop. It was very difficult to make a standard sample for the 
material properties tests. In this case, previous research (Wu 2002) on aluminium 
studies was used as a reference for validating numerical modeling. The crack inducer 
and the modified crack inducer were made of PVC. Crack inducers were supplied by 
Building Innovative Pty Ltd while modified crack inducers were modified by the author 
from the crack inducer. The material making up the crack inducer was similar to the 
PVC joiner so that PVC’s material properties could be used for validating the computer 
modeling. Concrete joiners were made of concrete. The results of mechanical properties 
are shown in Table 6.7. 
 
 
 
 
 
 
 
Chapter 6 Proposed Innovative Joiners
 
 
Table 6.7 Mechanical properties for concrete joiners 
 
Age(s) Types of testing 7 days 28 days 
Compressive strength (MPa) 72.3 98.2 
Modulus of elasticity (GPa) 28.6 34.6 
Tensile splitting strength (MPa) 3.7 4.6 
Flexural strength (MPa) 5.0 6.5 
 
 
6.5  Laboratory Tests on Full Scale Pavements  
The plan of the testing frame is shown in Figure 6.9. For all tests, the concrete slabs 
were pushed up from the bottom of Slab 1 along line AB using the hydraulic jack. The 
line AB represents a long piece of solid timber of 0.45 m in length which was placed 
between a load cell and the bottom surface of Slab 1. No additional load was applied to 
any of the slabs at the first testing. To the second, third, fourth and fifth testing, 40 kg 
80 kg, 140 kg and 160 kg dead loads were added on the Slab 2 respectively as shown in 
Figure 6.10.  
 
To measure the displacements, linear variable differential transducers (LVDTs) were 
mounted at critical points at G3 to G6 to measure the displacement of the slab. Points at 
G1, G2, G7 and G8 were measured by gauges. As the slab was pushed up, the 
displacements at the locations G3 to G6 were recorded. It is noted that in this test, the 
displacements at the locations G1, G2, G7 and G8 were negligible. The stepping 
displacement was obtained by subtracting displacement reading of G3 from that of G5 
and similarly by subtracting displacement reading of G4 from that of G6.  
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Figure 6.9 Plan of testing frame 
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80 kg load added on slab 40 kg load added on slab 
 
140 kg load added on slab 160 kg load added on slab 
 
 
Figure 6.10 Dead load added on the concrete slab. 
 
6.5.1 Stepping Displacement Tests 
6.5.1.1 Aluminium Joiner 
When the concrete reached a compressive strength of approximately 20 MPa, the 
concrete pavements were tested. The stepping displacement testing results are 
illustrated in Table 6.8 and the stepping displacement curve is plotted in Figure 6.11. 
From Figure 6.11, it is apparent that added load on the concrete slabs would increase 
the displacement levels in the aluminium joiner.  
 
In this test, the maximum stepping displacement was recorded at 2.91 mm when the 160 
kg dead load was distributed evenly across the whole Slab 2. However, the 
corresponding displacement measurement on the other side of the slab was 2.20 mm. 
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This indicates that the slabs were slightly tilted by about 0.7 mm between G5-G3 and 
G6-G5. The stepping displacement with no additional load varied from 0.32 mm to 1.19 
mm, while 40 kg, 80 kg and 140 kg dead load distributed evenly on the Slab 2 varied 
from 0.55 mm to 2.18mm, 0.61 mm to 2.54 mm and 0.88 mm to 2.77 mm respectively. 
All the stepping displacement results are less than 5 mm which complied with the       
AS3727 (1993).  
 
Table 6.8 : Aluminium joiner testing results 
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 Stepping displacement G5 – G3 Stepping displacement G6 – G4 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
0 kg 0.00 0.32 0.58 0.95 0.00 0.63 1.10 1.19 
40 kg 0.00 0.55 1.23 1.32 0.00 0.81 1.91 2.18 
80 kg 0.00 0.61 1.74 1.99 0.00 1.25 2.08 2.54 
140 kg 0.00 0.88 1.89 2.10 0.00 1.28 2.33 2.77 
160 kg 0.00 0.91 1.99 2.20 0.00 1.29 2.41 2.91 
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Figure 6.11 Aluminium joiner testing results 
 
Based on Table 6.8 and Figure 6.11, it can be understood that aluminium joiner can be 
cast in pavements to resist vertical shear forces and control differential vertical 
movement, thus reducing the potential for joint damage and serviceability problems. 
However, it should be noted that aluminium joiner should not be too rigid. If it is too 
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rigid, it would cause high stresses between the joiner and concrete. In the test, due to the 
high stresses between the aluminium joiner and concrete, cracks occurred at the sharp 
edge of aluminium joiner as shown in Figure 6.12. 
 
 
 
 
Figure 6.12 Cracking at the sharp edge of aluminium joiner 
 
 
6.5.1.2 Crack Inducer Strip 
Traditionally a simple control joint is formed with a score line cut with a trowel on fresh 
concrete, a saw cut on hardened concrete or crack inducer cast with the slab. The crack 
inducer uses a plastic grid to induce a closely spaced network of fine cracks throughout 
the entire length and breadth of large area slabs on grade, and thereby eliminate all 
traditional formed and sawn shrinkage control joints. The principal objective with the 
crack inducer is to dissipate the effects of drying shrinkage as uniformly as possible in 
the form of fine cracks throughout the entire area of the slab and to produce only fine 
cracks that do not adversely affect applied finishes.  
 
There is no literary evidence that the crack inducer cast in concrete pavement was tested 
for stepping displacement. In this study, crack inducers were used as innovative control 
joints for pedestrian concrete pavements. There was no saw cut on concrete slabs. Three 
screws were fixed on the bottom of the crack inducer as an indicator to level the crack 
inducer when it was cast in the middle of the concrete slab when concrete was first 
poured. A picture of crack inducer with three screws is shown in Figure 6.13.   
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Figure 6.13 Screws were fixed on the crack inducer  
 
 
This test was same to the aluminium joiner test, the concrete slabs were pushed up from 
the bottom of Slab 1 along a piece of solid timber (refer to Figure 6.9). It can be seen 
that the irregular wavy crack occurred along the joint of the crack inducer located when 
the concrete slabs were pushed up. This was because no saw cut or score line cut 
formed after pouring the concrete. However the concrete slabs become a linked series of 
slabs. Because the slabs were held in alignment by the crack inducer, the concrete slabs 
maintained a smooth surface thus minimising effectively the tripping hazard. A picture 
of before slab was to be pushed up and after slab was pushed up is shown in Figure 6.14 
 
  
Before slab was to be pushed up After slab was pushed up 
 
Figure 6.14 Testing on the crack inducer strip 
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The results of the testing are presented in Table 6.9 and graphically in Figure 6.15. In 
the first test, no additional load was applied on the slab, the maximum stepping 
displacement varied from 0.10 mm to 0.35 mm. The stepping displacement of 40 kg and 
80 kg load on the slab 2 varied from 0.10 mm to 0.65 mm and 0.15 mm and 0.89 mm 
respectively. The added 40 kg and 80 kg load would increase the stress level in crack 
inducer strip 2 by approximately 45 % and 60 % compared to no additional load.  The 
last two tests were the same as the previous two tests except that the loading on slab 2 
was now increased to 140 kg and 160 kg. It is seen that despite the excessive loading on 
the slab, there was very little increment in the stepping displacement compared to the 
results of no additional load, 40 kg and 80 kg on slab 2. The stepping displacement in 
these tests varied from 0.23 mm to 0.81 mm and 0.44 mm and 1.02 mm, which were 
similar to those of previous tests where the loading was much smaller. 
 
Table 6.9 Crack inducer testing results 
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 Stepping displacement G5 – G3 Stepping displacement G6 – G4 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
0 kg 0.00 0.10 0.19 0.20 0.00 0.19 0.30 0.35 
40 kg 0.00 0.10 0.37 0.65 0.00 0.16 0.28 0.56 
80 kg 0.00 0.15 0.27 0.51 0.00 0.51 0.65 0.89 
140 kg 0.00 0.23 0.45 0.73 0.00 0.36 0.70 0.81 
160 kg 0.00 0.44 0.52 1.02 0.00 0.53 0.66 0.93 
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Figure 6.15 Crack inducer testing results 
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6.5.1.3 Modified Crack Inducer Strip 
After the tests of crack inducer strips, a modified crack inducer strip investigation was 
conducted. In this study, the same crack inducer was used except with some 
modification to the crack inducer. A piece of the same plastic material (white colour) 
used in a crack inducer was added at the top of the crack inducer strip as shown in 
Figure 6.16. The purpose of modified crack inducer strip was to provide a breaking line 
that would allow the concrete slab to crack at the line as shown in Figure 6.17.  
 
 
 
 
Figure 6.16 Modified crack inducer 
 
 
 
 
 
Figure 6.17 Crack at the modified crack inducer strips 
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The same test done on the crack inducer was carried out on the modified crack inducer. 
The stepping displacement results of the testing are shown in Table 6.10 and the 
stepping displacement curve is plotted in Figure 6.18. It can be seen that the added load 
would increase the stepping displacement level in the modified crack inducer Joint 2 
(refer to Figure 6.9). The trend of the curve as shown in Figure 6.18 was very similar to 
that of the crack inducer (refer to Figure 6.15). The stepping displacement with no 
additional load varied from 0.20 mm to 0.65 mm, while 40 kg, 80 kg and 140 kg on slab 
2 varied from 0.29 mm to 0.88 mm, 0.29 mm to 0.92 mm and 0.41 to 0.95 mm. The last 
test was the loading on slab 2 increased to 160 kg. The stepping displacement in this 
test varied from 0.48 mm to 0.95mm.     
 
Table 6.10 Modified crack inducer testing results 
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 Stepping displacement G5 – G3 Stepping displacement G6 – G4 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
0 kg 0.00 0.20 0.21 0.31 0.00 0.35 0.50 0.65 
40 kg 0.00 0.29 0.33 0.44 0.00 0.41 0.55 0.88 
80 kg 0.00 0.29 0.32 0.51 0.00 0.44 0.63 0.92 
140 kg 0.00 0.41 0.41 0.80 0.00 0.53 0.71 0.95 
160 kg 0.00 0.48 0.54 0.84 0.00 0.60 0.85 0.95 
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Figure 6.18 Modified crack inducer testing results 
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It should be noted that the maximum stepping displacement of modified crack inducer 
was 0.95 mm which is the lowest when compared to 2.91 mm and 1.02 mm from the 
aluminium and crack inducer joiners. Therefore, the modified crack was shown to offer 
the best load transfer between slabs which reduced the stepping displacement or vertical 
movement.  
 
6.5.1.4 Concrete Joiner 
Concrete has been widely used as construction materials in the world. In fact, it is only 
second to water as the most heavily consumed substance at approximately six million 
tones produced every year (Sabir et al. 2001). This is mainly due to abundance of raw 
materials, low relative cost and the versatility and adaptability of concrete in forming 
various shapes. However, there is no evidence that there have ever been precast 
concrete joiner strips cast in concrete pavements and then tested for stepping 
displacement. In this study, concrete joiners are used as innovative control joints for 
pedestrian concrete pavements. 
 
The shapes and sizes of the concrete joiners were designed by the author. The details of 
the dimensions and cross section of the concrete joiner were shown in Figure 3.6. High 
strength concrete was used to form the concrete joiner. The mix proportion designed for 
the concrete joiner was described in Section 3.2.7. Some concrete samples were cast as 
the same time as the concrete joiner to determine the mechanical properties of the 
concrete mix. After 24 hours, the concrete casting, concrete joiners and samples were 
demoulded and immediately cured in water for 28 days at a temperature of 23 ± 1 °C. 
The mechanical properties of concrete testing are given in Section 3.5.1 – 3.5.5. The 
concrete samples of the joiner were tested at 28 days to determine the strength of the 
concrete poured at the same time of casting the concrete pavement. The formwork for 
the concrete joiner and funnel are shown in Figure 6.19. 
 
The tests conducted on the concrete joiner were similar to those conducted on the 
aluminium joiner, crack inducer and modified crack inducer. Figure 6.20 shows the 
concrete slab was pushed up to 50 mm by using a hydraulic jack. The stepping 
displacement results are shown in Table 6.11 and the stepping displacement curve is 
plotted in Figure 6.21. It can be seen that the added load would increase the stepping 
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displacement level in concrete Joint 2 (refer to Figure 6.9). Concrete Slab 1 was pushed 
up from the ground to 50mm. The stepping displacement with no additional load varied 
from 0.16 mm to 0.69mm, while 40 kg and 80 kg load on Slab 2 varied from 0.32 mm 
to 1.16 mm and 0.33 mm to 1.38 mm respectively. 140 kg and 160 kg load on slab 2 
varied on 0.59 mm to 1.44 mm and 0.94 to 1.68 mm respectively. It should be noted 
that when a load of 160 kg applied on Slab 2, a shear crack formed at the wing of the 
concrete joiner as shown in Figure 6.22. However, the overall maximum stepping 
displacement did not exceed 5 mm which fulfilled the specification of AS3727 (1993).  
 
 
 
 
 
 
Figure 6.19 Concrete joiner formwork with funnel 
 
 
 
 
 
Figure 6.20 Concrete slab was pushed up 
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Table 6.11 Concrete joiner strip testing results. 
 
142 
 Stepping displacement G5 – G3 Stepping displacement G6 – G4 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
0 kg 0.00 0.52 0.83 0.86 0.00 0.16 0.43 0.69 
40 kg 0.00 0.73 1.03 1.16 0.00 0.32 0.73 0.83 
80 kg 0.00 0.87 1.19 1.38 0.00 0.33 0.78 0.89 
140 kg 0.00 0.98 1.12 1.44 0.00 0.59 1.00 1.09 
160 kg 0.00 1.01 1.26 1.68 0.00 0.94 1.09 1.20 
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Figure 6.21 Concrete joiner strip testing results. 
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Figure 6.22 Before and after 160 kg load applied on the concrete slab 
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6.5.2 Creep Displacement Tests 
A creep displacement test was conducted to examine the effect of sustained loading 
over a period of time on the joiner. The experimental set up is shown in Figure 6.23 
below. During the creep test, Slab 1 was jacked up by 50 mm from the bottom along 
line CD (0.45 m in length) as indicated in Figure 6.23. According to Australian 
Standard AS3727 (1993), the minimum breaking load for concrete pavement of 75 mm 
thickness is 2 kN on one panel of the pavement, which is approximately 200kg. One 
panel of the pavement is normally 1.5 m x 1.5 m. In this study, one panel of the 
pavement is 1.5 m x 0.5 m. Therefore the expected load would be 200 / 3 = 66.67 kg. In 
order to distribute uniformly load on the Slab 2, a total of 80 kg was applied on top of 
Slab 2. 
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Figure 6.23 Plan of testing frame 
 
While Slab 1 was jacked up and the 80 kg load was applied, measurements of 
displacements were taken at critical points using digital dial gauges and LVDTs. G3, 
G4, G5 and G6 were LVDTs and G1, G2, G7, G8, G9 and G10 were dial gauges. 
LVDTs recorded the displacements automatically through a computer controlled data 
logging equipment while dial gauges readings had to be taken manually. All the dial 
gauges and LVDTs were mounted on the top surfaces of the slabs except G9 and G10 
which were placed to the bottom surfaces of slabs 1 and 2 respectively. Note that in this 
test, the displacements at G1, G2, G7 and G8 were negligible and stepping displacement 
only occurred in joint 2. The creep displacements were recorded over a minimum period 
of 4 weeks and the results are shown in Figure 6.24 – 6.27. Full creep displacement 
results for all joiners are shown in Appendix C1 – C4. 
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Figure 6.24 Stepping displacement due to creep – aluminium joiner 
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Figure 6.25 Stepping displacement due to creep – crack inducer strip 
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Figure 6.26 Stepping displacement due to creep – modified crack inducer strip 
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Figure 6.27 Stepping displacement due to creep – concrete joiner strip 
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From the graphs, all the maximum creep displacement measured for all joiners was less 
than 0.1 mm. The maximum creep displacement measured for the aluminium joiner was 
0.03 mm. However, the maximum creep displacement measured by the crack inducer 
and the modified crack inducer were 0.09 mm and 0.04 mm respectively. The maximum 
creep displacement measured for concrete joiner was 0.13 mm. Note that the stepping 
displacement due to creep is in addition to the initial stepping displacement under short 
term loading. In this case, the test results clearly demonstrate that all the joiners satisfy 
the performance criterion of 5 mm maximum allowable stepping displacement as 
specified in AS3727 (1993). 
 
After the creep displacement test on the aluminium joiner was carried out, concrete 
slabs were removed and aluminium joiners were further investigated. As explained, the 
aluminium joiner was too rigid and caused the concrete slab to crack due to high 
stresses between aluminium joiner and concrete slab. It is interesting to investigate the 
damage and fracture behaviours of aluminium joiner. However, the aluminium joiner 
remained completely undamaged after being removed from the concrete slab. The shape 
was remained as original. A picture of the aluminium joiner after tested is shown in 
Figure 6.28.  
 
 
 
 
Figure 6.28 Aluminium joiner - after tested. 
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6.6 Data Analysis 
Theoretical analysis was performed to find the relationship between non dimensional 
displacement and non dimensional load. Figures 6.29 – 6.32 show the non dimensional 
displacement plotted against the non dimensional load. It is observed that the accurate 
analysis of non dimensional displacement against non dimensional load is a linear 
function. Subsequently, the best fit linear equation for each case was determined using 
simple regression analysis based on least squares method.  
 
The coefficient of correlation, R², for each linear equation was found to be very close to 
unity, indicating that the linear model is a good description for the relationship between 
the two non dimensional variables. The R² value provides index of the degree to which 
a set of plotted points clusters about the regression line. The closer the points fall along 
the regression line, the larger the value of R² and the greater the proportion of the total 
sum of squares accounted for by the linear regression of Y on X (Younger 1985). A 
total of four equations were used in the analysis.  
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 where  
 
  d = stepping displacement (mm) 
  D = concrete slab lifting from the ground (mm) 
  Wt = self weight of one concrete slab (N) 
  P = added load on concrete slab (N) 
  E = Young’s modulus material of joiner (N/mm²) 
  L = length of concrete slab (mm) 
C  C  = constants related to load. 1 2
 
 
The experimental values of the stepping displacement expressed as a ratio of the 
concrete slab was pushed up 
D
d  are plotted against the non dimensional load. Wt is the 
weight of the concrete slab and P the imposed load are summed together and divided by 
multiplying E (Young’s modulus material of joiner), D (concrete slab lifting from the 
ground) and L (length of concrete slab). 
 
2
t
EL
PW +
D
d  = C + CFrom the Equation 6.1, 1 2, the measure values of the stepping 
displacement of aluminium joiner, crack inducer, modified crack inducer and modified 
concrete joiner along with load are shown in Figures 6.29a to 6.29d respectively. It can 
be seen that the data plotted in the graphs for each joiner did show relationships 
between stepping displacement and added load on concrete slab. Other than that, it 
cannot be seen other information on the each graph. However, it should be reminded 
that the trend of aluminium joiner (Figure 6.29a) is similar with concrete joiner (Figure 
6.29c).  
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(b) Crack inducer 
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(c) Modified crack inducer 
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(d) Concrete joiner 
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Figures 6.30a to 6.30d give the plots of non dimensional displacement against the 
weight of concrete slab and added load with respect to the Young’s modulus of joiner 
material, the stepping displacement and concrete slab was pushed up as the Equation 
6.2, 
EdD
PW
t
+
D
d  = C + C1 2.  From the analyses, its can be seen that all the graphs did not 
show any relationships. The proposed Equation 6.2 was not fixed to this study. 
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(b) Crack inducer 
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(c) Modified crack inducer 
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EdL
PW
t
+
D
d  = C + CRegardless of concrete slab was pushed up, the Equation 6.3, 1 2 was 
considered. Figures 6.31a to 6.31d show the non dimensional analyses results. The 
objective of these non dimensional analyses is to predict stepping displacement values 
using non dimensional load results.  
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(b) Crack inducer 
153 
Chapter 6 Proposed Innovative Joiners
 
 
 
154 
 
 
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.00E+00 5.00E-04 1.00E-03 1.50E-03 2.00E-03 2.50E-03 3.00E-03 3.50E-03
Non dimensional load,
N
on
 d
im
en
si
on
al
 d
is
pl
ac
em
en
t, 
d/
D
EdL
PWt +
(c) Modified crack inducer 
 
 
 
 
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.00E+00 1.00E-04 2.00E-04 3.00E-04 4.00E-04 5.00E-04 6.00E-04 7.00E-04 8.00E-04
Non dimensional load,
N
on
 d
im
en
si
on
al
 d
is
pl
ac
em
en
t, 
EdL
PWt +
(d) Concrete joiner 
EdL
PW
t
+
D
d + C = CFigure 6.31 Non dimensional analyses based on 1 2
 
 
Chapter 6 Proposed Innovative Joiners
 
 
EDL
PW
t
+
D
d  = CThe results of the non dimensional analyses by using Equation 6.4, 1 + 
C2 are shown in Figures 6.32a to 6.32d. The results indicate good relationship between 
the displacement and load values for all proposed joiners except aluminium joiner.  
d/D = (8581.4(Wt + P) / EDL) + 0.03
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d/D = (194.13(Wt + P) / EDL)  + 0.0081
R2 = 0.8461
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.00E+00 2.00E-05 4.00E-05 6.00E-05 8.00E-05 1.00E-04 1.20E-04 1.40E-04 1.60E-04
Non dimensional load,
N
on
 d
im
en
si
on
al
 d
is
pl
ac
em
en
t, 
d/
D
EDL
PtW +
(b) Crack inducer 
 
 
Chapter 6 Proposed Innovative Joiners
 
 
 
d/D = (288.52(Wt + P) / EDL) + 0.0068
R2 = 0.9813
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(c) Modified crack inducer 
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d  = C + CFigure 6.32 Non dimensional analyses based on 1 2
From the graphs, it is observed that the displacement is linearly proportional to the load. 
The coefficient of determination R2 for each linear equation was computed and was 
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found to be very close to 1, indicating that the linear regression model is a good 
description of the relationship between the displacement against load. The linear line 
fitted to this data as per Equation 6.4 has an R2 value between 0.8500 and 0.9753. 
Substituting the constants C and C1 2 determined by line fitting in Equation 6.4, the 
empirical relationship for the displacement in term of normalized values of load is 
obtained as 
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EDL
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It is observed that the aluminium joiner result produced the largest error; although it is 
the coefficient of determination R ² was 0.8500.  The crack of the concrete slab could be 
significantly affected the testing results on aluminium joiner. Within the confines of the 
scope of this study, the analysis provides strong evidence in support of the applicability 
of the proposed method as a tool for predicting stepping displacement of a concrete 
pavement. Although it was found that the Equation 6.4 did perform well than other 
Equations 6.1 to 6.3, its potential is significant and warrants further investigation.  
 
It is also observed that, when high values for stepping displacement were found, the 
slope of the regression line increased whilst X-axis intercept decreased. The increase in 
slope with the Y-axis intercept can be explained by tree root invasion or soil settlement 
factor. Therefore, it is deduced that the slope will increase with significant tree root 
invasion and soil movement. However, the decrease in X axis intercept is caused by the 
shape and the characteristic of the joiner. If the joiner is rigid and strong, the joiner 
provides more load transfer efficiency and reduces stepping displacement. However, the 
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concrete strength of the slab should also be considered. This is because the rigid joiner 
could cause a crack in the concrete surface due to high stresses if concrete of a low 
strength were used. 
 
 
6.7 Conclusions 
A comprehensive series of tests has been conducted on four different proposed joiners 
under various loading conditions. The test results clearly demonstrate that all the 
proposed joiners satisfy the performance criterion of 5 mm maximum allowable 
stepping displacement as specified in AS 3727. This study has investigated the potential 
benefits of using proposed joiners in pedestrian concrete pavements.  
 
The advantages and disadvantages of each proposed joiner are summarized below:  
 
a) Advantages 
i) Aluminium joiner 
• The aluminium joiner is easily formed by four angle numbers. Aluminium is 
rigid, stable, durable, thermally efficient and highly resistance to corrosion. 
• No saw cut was required on concrete slabs. 
• Aluminium joiner is to provide a breaking line that would allow the concrete 
slab to crack at the line. 
• Aluminium joiner is able to accommodate substantial soil movement and tree 
root invasion. 
• The maximum stepping displacement for the aluminium joiner is 2.91 mm. 
 
ii) Crack inducer strip 
• The crack inducer uses a plastic grid to induce a closely spaced network of fine 
cracks throughout the entire length and breadth of large area slabs on grade, and 
thereby eliminate all traditional formed and sawn shrinkage control joints.  
• Crack inducers are used as innovative control joints for pedestrian concrete 
pavements. 
• The weight and wall of crack inducer is light and thin (1.5 mm). It is desirable to 
save material and transportation costs. 
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• Crack inducer is a solution to pedestrian concrete pavement displacement 
problems and help to reduce random cracking and trip hazards by allowing 
concrete to articulate. 
• The maximum stepping displacement for the crack inducer was 1.02 mm. 
 
iii) Modified crack inducer strip 
• No saw cut is required on concrete slabs. 
• Modified crack inducer strip is to provide a breaking line that would allow the 
concrete slab to crack at the line. 
• The weight and wall of crack inducer is light and thin (1.5 mm). It is desirable to 
save material and transportation costs. 
• Modified crack inducer is a solution to pedestrian concrete pavement 
displacement problems and help to reduce random cracking and trip hazards by 
allowing concrete to articulate. 
• The maximum stepping displacement for the modified crack inducer strip is  
0.95 mm. 
 
iv) Concrete joiner 
• Concrete is the most commonly and widely used construction material in the 
world. Therefore, the concrete joiner will be delivered substantial cost, 
environmental and safety benefit. 
• No saw cut is required on concrete slabs. 
• Concrete joiner is to provide a breaking line that would allow the concrete slab 
to crack at the line. 
• Concrete joiner is a solution to pedestrian concrete pavement displacement 
problems and help to reduce random cracking and trip hazards by allowing 
concrete to articulate. 
• The maximum stepping displacement for the concrete joiner is 1.68 mm. 
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b) Disadvantages 
i) Aluminium joiner 
• Aluminium joiner is too rigid and it would cause high stresses between the 
joiner and concrete. 
• In the laboratory tests, due to high stresses between aluminium joiner and 
concrete, cracks occurred at the sharp edge of aluminium joiner 
 
ii) Crack inducer strip 
• An irregular wavy crack occurred along the joint of the crack inducer located 
when the concrete slabs were pushed up. This is because no saw cut or score line 
cut formed after pouring the concrete. 
• The crack inducer is 30 mm high. Therefore, three screws were required to be 
fixed on the bottom of the crack inducer as an indicator to level the crack 
inducer. 
 
iii) Modified crack inducer strip 
• Some modification to the crack inducer was required. A piece of the same 
plastic material used in a crack inducer was added at the top of the crack inducer 
strip. 
• The cost of modified crack inducer could be expansive than crack inducer strips. 
 
iv) Concrete joiner 
• A complex shapes therefore a complex preparation on the concrete joiner 
formwork. 
• A shear crack formed at the wing of the concrete joiner when a load of 160 kg 
applied on slab. 
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CHAPTER 7 : NUMERICAL MODELS FOR SHEAR CONNECTORS 
 
 
7.1 Introduction 
This chapter addresses various aspects of the finite element (FE) strategy adopted for 
shear connectors of EPDM rubber joiner and PVC joiner such as the geometry, element 
types, materials, contact interaction, boundary and mesh density. For the numerical 
analyses, the FE package ABAQUS/Standard has been employed. Three dimensional 
(3D) numerical models of both shear connectors of EPDM rubber joiner and PVC joiner 
jointed pedestrian concrete pavements were engaged. The numerical models were 
developed in this study to investigate the stepping displacements effect on shear 
connectors’ jointed concrete pavements. The dimensions of the both shear connectors 
and concrete slabs assumed in numerical analyses were in accordance with the 
measured dimensions of the test specimens. The numerical model results of EPDM 
rubber joiner and PVC joiner were compared to the laboratory test results. The purpose 
of this study is to establish numerical models for predicting the performance of various 
joiners with different dimensions or materials from those tested in the laboratories. 
 
 
7.2 Model Building 
In order to acquire detailed information on the stepping displacement of concrete 
pavements, numerical analyses were carried out using the commercial program 
ABAQUS. The numerical model includes geometry, material models (or parameters), 
boundary and loading conditions, and meshing. A series of numerical models were built 
to simulate the laboratory test sections in this study.  
 
In this study, the sub-base and sub-grade were ignored and the mechanism of aggregate 
interlock was based on the arguments that even if aggregate interlock exists, it loses its 
significance due to wear and slab contraction (Kelleher and Larson 1989). This 
argument is also supported by the research of McKenzie (1978). He found that 
aggregate interlock becomes ineffective in transferring load across transverse joints 
when the joint opening exceeds 0.9 to 1.0 mm.  
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7.2.1 Geometry 
The 3D numerical model developed in this study consists of 3 units. Part 1 and 3 were 
concrete slabs and Part 2 was the shear connector.  A shear connector (EPDM rubber 
joiner / PVC joiner) jointed concrete slabs as shown in Figure 7.1. A concrete slab of 
3.0 m long (two panels), 1.5 m wide and 75 mm thick was modeled. Both shear 
connectors were in midslab, which is similar to that qualitatively from the experiment. 
The main objective to develop a numerical model is to investigate the accuracy of the 
theoretical model when its results are compared with the measured laboratory tests.  
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Numerical model 
 
 
EPDM rubber joiner 
 
 
PVC joiner 
 
Figure 7.1 Model geometry used in the study 
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7.2.2 Elements 
Element selection is vital in obtaining reasonable results in the numerical analysis. 
C3D10 and C3D20 nodes solid element was selected to represent concrete slab model 
and shear connectors respectively. The element is defined by 10 and 20 nodes having 
three degrees of freedom per node: translations in the nodal X, Y and Z directions. It 
supports plasticity, hyperelasticity, stress stiffening, large deflection, and large strain 
capabilities. It also has mixed formulation capability for simulating deformations of 
nearly incompressible elastoplastic materials and fully imcompressible hyperelastic 
materials.  
 
7.2.3 Materials 
Linear elastic material models are used to represent concrete and shear connectors. 
Previous studies (Bathe 1982) showed that linear elastic material assumption produced 
acceptable agreement between numerical predicted and field measure pavement 
responses. Material properties needed for a numerical model include elastic properties 
such as modulus of elasticity, poisson ratio, density of concrete, etc. The material 
properties of concrete pavements and shear connectors were obtained from an 
experimental section tested; a listing of those materials is shown in Table 7.1. Young’s 
modulus for the PVC joiner is analogous to the Young’s modulus for concrete. 
However, the Young’s modulus for the EPDM rubber joiner varies with the amount of 
stress and strain between compression and tensile tests. Therefore, the moduli of 
rubbers can only be specified completely by giving the amount of stress - strain at the 
range the Young’s modulus applies. From Table 7.1, it should be noted that the data of 
poisson ratio and density for EPDM rubber and PVC were obtained from industry 
suppliers. 
 
 
Table 7.1 Material properties used for the numerical model 
 
Material Young’s Modulus 
(N/m²) 
Poisson’s  
Ratio 
Density 
(kg/m³) 
Concrete 1.81E+10 – 2.09E+10 0.14 – 0.19 2,340 – 2,430 
EPDM rubber joiner 6.61E+09 0.44 1,200 
PVC joiner 1.24E+10 0.29 1,450 
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7.2.4 Contact Interfaces 
The interaction between the concrete and the shear connectors is a complex one. The 
interaction between shear connector and the concrete was modeled by contact elements 
available in ABAQUS. Contact problems are highly nonlinear and need significant 
computer resources. Contact problems generally fall into two groups: surface to surface 
contact and self contact (ABAQUS 2004). In surface to surface contact, two deformable 
surfaces contact or a deformable surface and a rigid surface contact. Self contact 
problems are used when different areas contact on a single surface. As deformable of 
shear connectors are much higher than that of concrete, shear connectors were modeled 
as a deformable surface and concrete was modeled as a rigid surface. 
 
ABAQUS/Standard use some friction to develop the interaction between the shear 
connector and concrete slab surfaces. In this model, two contacting surfaces carry shear 
stresses with finite sliding. Based on the material property of the connecting surfaces, 
the shear stress at which sliding on the surface begins is defined. Once the shear stress 
is exceeded, the two surfaces will slide relative to each other. Shearing stress can be 
defined by multiplying the coefficient of friction to the normal stress in the sticking 
state and is equal to the maximum value at the sliding state. The consideration of 
friction by contact elements results in non-symmetric stiffness. The solution of a non-
symmetric system of equations is time consuming and has large memory requirements. 
In this case, a use solver default of the stiffness matrix might be used. However, it was 
found that in some cases this caused a low rate of convergence. 
 
The convergence behaviour for contact problems depends strongly on each particular 
problem. Choosing the right value for time step size is critical to successfully obtain the 
solution. The time step must be small enough to ensure the proper contact zone. The 
smooth transfer of contact forces is disrupted if the time step size is too large. If the 
contact status changes during the iteration process, discontinuity can occur. 
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7.2.5  Boundary and Loading Conditions 
In order to accurately simulate the laboratory tests, ABAQUS/standard integration is 
used. During numerical analysis of structural problems it is assumed that the 
displacements of the numerical model assembly are infinitesimally small. In addition, it 
is also assumed that the nature of the boundary conditions remains unchanged during 
the application of the loads on the numerical model assembly.  
 
A few types of loading that have effect on the movement and displacement in 
pavements was considered in this study. They are self weight and impose loading. Since 
self weight was handled automatically by the finite element software and imposed loads 
were critical studied related to stepping displacements of concrete pavement. Free edge 
boundaries are assumed for the both ends of the concrete slab. One slab is applied for 
load and the other one unloaded slab was pushed up either by line or point. Vertical 
movement and stepping displacements of the both slabs were measured. Figure 7.2 
shows the boundary and loading conditions. 
 
 
 
 
(a) Dead load uniformly distributed on the slab 
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(b) Dead load uniformly distributed on a quarter of the slab 
 
 
 
(c) Point load on an edge of the slab 
 
Figure 7.2 Boundary and loading conditions 
 
7.2.6 Meshing 
Meshing is an important part of a numerical model. Finer meshes produce better results. 
However, several factors restricted very fine mesh. They are: 
• Size and complexity of the geometry.  
• Use of contact elements to model interactions between the concrete and the 
joiners, which needs generation of a large number of elements.  
166 
Chapter 7 Numerical Models for Shear Connectors
 
 
 
Figure 7.3 shows a meshed geometry. In general, the mesh is coarse. However, because 
of discontinuities created by the joints in the pavement, areas near the joints were 
refined to obtain better results. Total number of elements generated for each model was 
approximately 30,000. It took considerable time to process and obtains solutions from 
the analysis. The average analysis took 24 to 48 hours for each run. 
 
 
 
Figure 7.3 FE mesh of the geometry 
 
 
7.3 Numerical Model Results  
This section discusses the stepping displacement results of numerical analyzed on shear 
connectors of EPDM rubber joiners and PVC joiners as shown in Figure 7.4. A series of 
numerical analyses were conducted with loading on the slabs ranging from 0 to 490 kg 
when the adjacent slab was pushed up. There are two case studies on the shear 
connectors of EPDM rubber joiner and PVC joiner. In the first case, a concrete slab was 
pushed up from the bottom of slab along a line (simulating a piece of solid timber) and 
uniform distribution loads were applied on the adjacent concrete slab as shown in 
Figure 7.2a. Whereas in the second case, a concrete slab was pushed up at a corner, 
either distributed or point loads was applied on the adjacent concrete slabs as shown in 
Figures 7.2b and 7.2c. Comparison between laboratory tests and numerical results is 
also discussed.  
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Figure 7.4 Numerical analyses on the EPDM rubber and PVC joiners 
 
 
7.3.1 EPDM Rubber Joiner 
7.3.1.1  A Concrete Slab was Pushed up along a Line 
A series of numerical models was built to simulate the laboratory test of EPDM rubber 
joiner where stepping displacement was measured. The geometry of the structure was 
the same as those used for the EPDM rubber joiner cast in 75 mm slab thickness. A 
series of numerical analyses was conducted with loading was applied on the slabs 
ranging from 0 to 490 kg. Extensive data have been recorded from these numerical 
anlayses. This study focused on stepping displacement (the difference between the 
vertical movements of adjoining slabs) which is the main cause of tripping hazards in 
pedestrian concrete pavements and therefore the most critical measurement for 
assessing the adequacy and performance of EPDM rubber joiner.  
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The 2D deformed shapes of numerical model analyses can be observed in Figure 7.5. It 
should be noted that the “numerical” cross sections have been attained from 3D 
deformed shapes. The locations where significant displacements (vertical movements) 
occur can be clearly spotted, especially from the displaced of the EPDM rubber joiners’ 
jointed concrete slabs. The numerically determined stepping displacement curves are 
plotted in Figure 7.6.  The average stepping displacement with no additional load varied 
from 0.27 mm to 0.53 mm, 200 kg load varied from 0.60 mm to 0.90 mm, 400 kg varied 
from 0.70 mm to 0.83 mm and 490 kg varied from 0.96 mm to 1.99 mm. Examination 
of stepping displacement curve in Figures 7.6 shows that both 200 kg and 400 kg loads 
give approximately the same results. Compared to with no additional load and 490 kg 
load, the stepping displacement is different in maximum by 0.56 and 1.38 mm. These 
results show that, the higher load applied on the slab, the higher the values of the 
stepping displacement. 
 
 
0 kg 
 
200 kg 
 
400 kg 
 
490 kg 
 
Figure 7.5 Numerical models were developed of EPDM rubber joiner –  
                               A concrete slab was pushed up along a line.  
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Figure 7.6 Numerical analysis results of EPDM rubber joiner –   
  A concrete slab was pushed up along a line. 
 
7.3.1.2 A Concrete Slab was Pushed up at a Corner 
In all the previous numerical analyses of EPDM rubber joiners, the applied load was 
distributed across a whole slab. To assess the performance of EPDM rubber joiners, the 
worst scenario load case would be the one where one slab was jacked up at a corner 
while a series of loads was applied next to it on the adjoining slab.  No additional load 
was applied to any of the slabs during the first numerical analysis. Later, a uniformly 
distributed load of 200 kg was added to slab in second numerical analysis. The third 
numerical analysis was the same as the second analysis except that 200 kg was 
distributed on a quarter of slab. The last numerical analysis was the most challenging 
one where a 200 kg concentrated load was applied next to it on the adjoining slab. All 
the numerical model geometry analyses are shown in Figure 7.7 and the stepping 
displacement of numerical analysis results is shown in Figure 7.8.  
 
These stepping displacement values are collected for all the numerical model runs 
conducted according to the laboratory study. The maximum stepping displacement for 
first three analyses were 0.27 mm, 2.13 mm and 4.23 mm respectively. Stepping 
displacement occurs on the application of point load on the slab which results in large 
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noticeable vertical displacements of the slabs. When a concrete slab was pushed up at a 
corner, a point load is applied next adjacent slabs, as laboratory tests was conducted and 
explained. The displacement values are measured at the top corner of both slabs nearby 
to the joint. The maximum stepping displacement was 5.20 mm. 
 
Observations from Figure 7.8 showed that there was a significant increase in the 
stepping displacements when the slab was subjected to a corner pushed up compared to 
the jacking up with a line (refer to Figure 7.6). EPDM rubber joiner in concrete slabs 
used as a shear connector led to improvement in the stepping displacement and 
prevented random cracks on the concrete slabs. Hence it can be learnt from this section 
that in pedestrian concrete pavements using EPDM rubber joiner, tree root invasion 
influences the load transfer efficiency more than any other characteristics of the system.     
 
 
 
0 kg 
 
200 kg 
 
Quarter slab 
 
Point load 
 
Figure 7.7 Numerical models were developed of EPDM rubber joiner –  
                               A concrete slab was pushed up at a corner. 
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Figure 7.8 Numerical analysis results of EPDM rubber joiner –  
A concrete slab was pushed up at a corner. 
 
7.3.2 PVC joiner 
7.3.2.1 A Concrete Slab was Pushed up along a Line 
A series of numerical analyses was conducted with loading on the slabs ranging from 0 
to 490 kg to investigate the reaction of PVC joiners as shear connectors in pedestrian 
concrete pavements. This numerical analysis of PVC joiner was similar to the EPDM 
rubber joiner numerical analysis. The numerical model geometry analysis consists of 
difference loading ranging 0 to 490 kg applied on a concrete slab is shown in         
Figure 7.9. Extensive data have been recorded from these analyses. The numerical 
model analysis results are presented for stepping displacement is shown in Figure 7.10.  
 
The stepping displacement with no additional load, 200 kg, 400 kg and 490 kg varied 
from 0.20 mm to 1.79 mm. It can be seen that the added load would not increase much 
the stepping displacement level in PVC joiner. Imagine the joint without PVC joiner, 
there would be over 50 mm of stepping displacement if the concrete slab was pushed up 
to 50 mm. The test results clearly demonstrate that PVC joiner satisfied the performance 
criterion of 5 mm maximum allowable stepping displacement as specified in AS 3727.  
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Figure 7.9 Numerical models were developed of PVC joiner –  
     A concrete slab was pushed up along a line. 
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Figure 7.10 Numerical analysis results of PVC joiner –  
                    A concrete slab was pushed up along a line. 
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7.3.2.2 A Concrete Slab was Pushed up at a Corner 
This numerical analysis was similar to the previous EPDM rubber numerical analysis 
where a concrete slab was pushed up at a corner and a series of loads was applied next 
to it on the adjoining slab. The numerical analyses of model geometry and stepping 
displacement are shown in Figure 7.11 and the numerical analysis results for stepping 
displacement is plotted in Figure 7.12. No additional load was applied to any of the 
slabs for the first numerical analysis. In the second numerical analysis, a uniformly 
distributed load of 200 kg was added on Slab. From Figure 7.12, when there was no 
additional load to any of the slabs, the maximum stepping displacement was 1.21 mm 
which was 0.47 mm different from the result of a uniformly distributed load of 200 kg 
was added on slab. When compared to the pushing up at a line when 200 kg dead load 
distributed on the concrete slab, a slab was pushed up at a corner registered a higher 
vertical displacement and showed worst stepping displacement at the joint. 
 
In the next numerical analysis, a 200 kg load was applied to a quarter of slab. The 
maximum stepping displacement was 2.27 mm. Generally, from the Figure 7.12, the 
pushing up at the a corner of slab numerical analysis results is higher stepping 
displacement compared to the pushing up at a line as shown in Figure 7.10. The last 
numerical analysis was a concentrated load of 200 kg was applied a corner of slab to 
test the structural integrity of PVC joiner. The maximum stepping displacements was 
2.51 mm. It can be seen that even with this point load on the slab, PVC joiner 
performed well and remained completely undamaged.  
 
 
 
0 kg 
 
200 kg 
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Figure 7.11  Numerical models were developed of PVC joiner –  
     A concrete slab was pushed up at a corner. 
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Figure 7.12 Numerical analysis results of PVC joiner –  
                 A concrete slab was pushed up at a corner. 
 
 
7.4 Comparison between Laboratory Tests and Numerical Analyses  
A series of numerical models for the stepping displacement of pedestrian concrete 
pavement has been developed and compared with laboratory test results. To simulate 
the concrete slabs and shear connectors, the dimensions and material properties of the 
numerical model developed in this study are tested in the laboratory. Vertical 
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displacement of slab has been calculated numerically. Although there are discrepancies 
in the stepping displacements between numerical model and laboratory tests, a good 
estimate of mean stepping displacement has nevertheless been obtained. These stepping 
displacement discrepancies are probably related to the approximate nature of the stress 
– strain relationship in the material properties tests. The detail discussion is shown 
below. 
 
7.4.1 EPDM Rubber Joiner 
7.4.1.1 A Concrete Slab was Pushed up along a Line 
The comparison between the laboratory tests and numerical results can be observed in 
Figure 7.13. It is clear that all numerical results were obtained lower than laboratory 
test. It is also clear that the characteristic of the EPDM rubber joiner is quite different to 
the PVC joiner material investigated. The curves of stepping displacement showed an 
irregular pattern indicating displacement and recovery upon further pushing. It is 
because EPDM rubber is a hyperelastic material. Stress – strain properties of EPDM 
need to be measured and the joiner stress needs to be understood to be able to predict 
the observed behaviour.  
 
From Figure 7.13, it can be seen that the numerical results are not in good agreement 
with that obtained from the laboratory experimental data. The maximum displacements 
for the without load, 200 kg and 400 kg by the laboratory tests are 1.91 mm, 2.59 mm 
and 3.44 mm respectively higher than those by numerical models. It is believed that the 
minor discrepancies are due to various factors. These factors include the geometry of 
the slabs, the environment condition, the applied loading, and the material properties of 
the joiner. Understanding well the effect of each parameter will help to predict the 
pedestrian concrete pavement design by validating the numerical models. It shall be 
noticed that changing the different joiner could lead to different results for different 
loadings. For instance, a rigid joiner could reduce the stepping displacement but it 
cannot reduce the shear stresses. Consequently for a better understanding of the 
behaviour of each joiner, the effect of each parameter on different loadings must be 
studied separately. 
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Existing literature provides no evidence to show that the use of EPDM rubber as a 
flexible joiner for pavement has even been scientifically studied before. Despite this, the 
trend of curve from the laboratory tests and numerical analyses are very similar to each 
other. This is to suggest that the numerical analysis can be used to predict the optimal 
shape and size of the rubber joiner for pedestrian concrete pavements of various 
thickness and loading conditions. 
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Figure 7.13 Comparison between laboratory tests and numerical results of EPDM    
   rubber joiner - A concrete slab was pushed up along a line.  
 
7.4.1.2 A Concrete Slab was Pushed up at a Corner 
Figure 7.14 shows the comparison of stepping displacement between laboratory tests 
and numerical models for the case of pushing up concrete slab at a corner and the 
adjacent slab was applied on load. Similar numerical analyses output data were found 
out on the concrete slab was pushed up along a line.  
 
As can be observed form Figure 7.13, the numerical results are much lower than 
laboratory test results but the trend of the curves were presented similar from both. The 
numerical results are not good agreement with that obtained from the laboratory tests. 
The discrepancy could be due to the nonlinearity behaviour of the EPDM rubber joiner 
and non-consideration of environment factor in the numerical model. 
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The maximum stepping displacement for no additional load, 200 kg distributed on a 
slab and 200 kg point load by the difference between laboratory tests and the numerical 
results are 2.16 mm, 1.21 mm and 0.62 mm. The smallest discrepancy in stepping 
displacement is found where more load added on the slab. 
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Figure 7.14 Comparison between laboratory tests and numerical results of EPDM 
rubber joiner - A concrete slab was pushed up at a corner. 
 
7.4.2 PVC joiner  
7.4.2.1 A Concrete Slab was Pushed up along a Line 
Figure 7.14 shows the stepping displacement curves obtained from numerical model 
compared to laboratory tests. Reasonable agreement between numerical and laboratory 
results is achieved. It can be seen that the trend of entire graphs for numerical results is 
very similar with laboratory tests. However, as more load added on slab, the 
discrepancy become less. This could be due to same friction was applied to each model 
to develop the interaction between the PVC joiner and concrete even more load added 
on concrete slab. Other possible reasons could be due to the fact that linear stress – 
strain relationship materials and geometries were used to simulate concrete slab and 
PVC joiner where as the behaviour may be highly nonlinear at those stepping 
displacement levels. 
 
178 
Chapter 7 Numerical Models for Shear Connectors
 
 
It is noticed that in the laboratory tests, the PVC joiner was tied and fixed with concrete 
slabs during the initial test. Then, the PVC joiner become more flexible and indirectly 
created more movement / displacement. This could be a joint was conducted a series 
time tests by different loading applied on slab. In the reality pedestrian concrete 
pavement, this matter would not be happened. The ratio of numerical to laboratory test 
for stepping displacements ranged were 1.05 – 1.79 for without load, 0.63 – 1.74 for 
200 kg, 0.80 – 1.21 for 400 kg and 0.62 – 0.93 for 490 kg. 
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Figure 7.15 Comparison between laboratory tests and numerical results of PVC joiner – 
                    A concrete slab was pushed up along a line. 
 
7.4.2.2 A Concrete Slab was Pushed up at a Corner 
The numerically and experimentally determined stepping displacement curves of PVC 
joiner on a concrete slab was pushed up at a corner are presented in Figure 7.16.  From 
the numerically and experimentally stepping displacement curve, it is clear that the both 
numerical and laboratory tests shown that added load would increase the stepping 
displacement level in PVC joiner. However, the numerical results are much lower than 
laboratory tests but the trend of the both curves were presented similar. This could be 
the same joint was tested and repeated by a series tests in laboratory. In practice, we 
would like to be able to correlate laboratory determined response with modelling 
parameters to allow better simulations of PVC joiner and pavement behaviour. 
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The stepping displacement difference between laboratory tests and the numerical results 
for no additional load, 200 kg distributed on a slab, 200 kg distributed on a quarter of a 
slab and 200 kg point load were ranged 0.09 mm – 0.20 mm, 0.20 mm – 0.47 mm, 0.05 
mm  - 0.71 mm and  0.03 mm to 0.98 mm. As can be observed from Figure 7.16, the 
numerical and laboratory tests for no additional load match very well, however, the 
other results indicates a reasonable agreement expect at the end curve results. It is noted 
that a joint was conducted a series of tests by different types of loading during the 
laboratory tests. It should be informed that at the joint, the slab is constrained by the 
PVC joiner which reduces more stepping displacement and vertical movement than 
EPDM rubber joiner. It could be the PVC joiner is much stiffer than the EPDM rubber 
joiner. 
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Figure 7.16 Comparison between laboratory tests and numerical results of PVC joiner –  
        A concrete slab was pushed up at a corner. 
 
 
7.5 Conclusions 
The results from studies in this chapter indicate that the numerical models can be used 
to predict the pedestrian concrete pavement displacement and movement problems. The 
numerical modelling has been conducted using commercially available FE software, 
ABAQUS. The aim of the analysis is to establish numerical models which are capable 
of predicting the behaviour of the stepping displacements. 
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The parametric study in this chapter showed that: 
 
a) The shear connectors join two adjacent slabs thus facilitating the transfer load 
from one slab to the adjacent slab. The shear connectors used in the model are exactly 
same as laboratory tests. No aggregate interlock shear transfer is assumed across the 
joint. Sliding interfaces with frictional contact were assumed between shear connectors 
and the surrounding concrete slabs. 
 
b) From the FEA, the results for the EPDM rubber joiners are much lower than 
laboratory tests but the trend of the curves are similar from both. Although the 
numerical model assumed the same material properties is used but the linear stress-
strain relationship materials is used to simulate EPDM rubber joiner whereas the 
behaviour of rubber may be highly non-linear. Besides that, the high incompressibility 
of the EPDM rubber may have caused some inaccuracy in the FEA results.  
 
c) For the PVC joiner, comparison between the numerical model results and the 
laboratory tests in stepping displacements indicate agreeable agreement. It could be the 
PVC joiner is much stiffer than the EPDM rubber joiner.  
 
d) The verification presented illustrates that the numerical models of both shear 
connectors are capable of reproducing the acceptable results obtained from laboratory 
tests. Compared to conducting full scale laboratory testing, the numerical analysis will 
more economic and faster and allows for detailed examination of the behaviour of the 
joiner and slab at any location. 
 
The experience gained from the FEMs developed in this study is summarized as follow: 
 
a) Modelling the shear connectors using C3D10 solid brick elements has several 
advantages particularlly for modelling the shear connector / concrete interface. This 
method of modelling the shear connectors also permits locating the areas of high 
stresses in the concrete surrounding the shear connectors. 
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b) An unbonded interface with friction between the shear connector and the 
concrete slab has been used in the FEA model. The magnitude of the friction coefficient 
applied along the unbonded interface between the shear connector and the concrete slab 
has a small effect on the results obtained along the stepping displacements.  
 
c) Use of the fixed incrementation technique in solving the static response of the 
numerical model to displacements significantly reduces the CPU processing time for the 
numerical model. This allows for using a large number of fine elements to model the 
concrete surrounding the shear connector, which enables accurate modelling of the 
shear connectors and their interfaces with concrete. 
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CHAPTER 8 : NUMERICAL MODELS FOR PROPOSED JOINERS 
 
 
8.1 Introduction 
This chapter analyses and discusses the three dimensional (3D) numerical models based 
on the laboratory test results presented in Chapter 6. The numerical models developed 
in this study include the geometry models, the elements, the materials, the types of 
interfaces used between proposed joiners and concrete slabs, the applied loads and 
boundary conditions. Generally, there is no published data on the stepping displacement 
of concrete pavement joints.  
 
The proposed joiners were built to simulate the laboratory tests where the stepping 
displacements were measured. To investigate the accuracy of the numerical model, the 
numerical model results of proposed joiners were compared to the laboratory test 
results. Following sections describe how this goal was achieved. 
 
 
8.2 Model Building 
For the computation of the stepping displacement at the joint of concrete pedestrian 
concrete pavements, the FE software package ABAQUS/Standard was employed. The 
numerical model includes geometry, element, materials, contact interfaces, boundary 
conditions and loading. Four numerical models of the proposed joiners were built to 
simulate the laboratory tests in this study. There are aluminium joiner, crack inducer, 
modified crack inducer and concrete joiner. 
 
8.2.1 Geometry 
A series of concrete slab was modeled and had dimensions 3.0 m long, 0.5 m wide and 
75 mm thick. The numerical model layout is illustrated in Figure 8.1. To ensure a 
realistic and accurate numerical analysis results, all proposed joiners and concrete 
pavements should be modeled in the laboratory tests. All proposed joiners were 
assumed between the two slabs to allow for slab contraction or as an innovative control 
joint. This ensures that proposed joiners are the only means of load transfer between 
adjacent slabs. Load transfer can be important in pavements for resist vertical shear 
Chapter 8 Numerical Models for Proposed Joiners
 
 
forces and control differential vertical movement. No sub-grades or sub-base were 
applied under the concrete slabs and assumed for this study.  
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Numerical model 
 
 
 
Aluminium joiner Crack inducer 
 
Modified  
crack inducer 
Concrete joiner 
 
Figure 8.1 Model geometry used in the study 
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8.2.2 Elements 
Element selection is an important part of a numerical model analysis. ABAQUS has an 
extensive element library for solving different problems. Each element in ABAQUS has 
a unique name. For instance, C3D10 solid element was selected to represent a concrete 
slab model. This element was selected when the geometry and / or the applied loading 
was too complex for any other element type with fewer spatial dimensions. However, 
proposed joiners element selection depending to the structural elements. C3D20 nodes 
solid element was selected to represent the aluminium joiner and the concrete joiner. 
S4R nodes shell element was selected to represent the crack inducer and the modified 
crack inducer respectively. The wall thickness of the crack inducer and modified crack 
inducer were very thin. S4R nodes shell elements have displacement degrees of 
freedom, use linear interpolation and allow mechanical and / or loading for static 
procedures. The shell elements allow finite membrane deformation and large rotations 
and thus are suitable for contact analysis. 
 
 
8.2.3 Materials 
The concrete and proposed joiners were modeled as a linear elastic material. In this 
study, each material is characterized by its modulus of elasticity, density, Poisson’s 
ratio. The material properties used in this study are obtained from the laboratory tested; 
a listing of those materials is shown in Table 8.1. The tested materials were concrete 
slabs and concrete joiners. Young’s moduli, Poisson’s ratios and densities of aluminium 
joiner, crack inducer and modified crack inducer were referred to previous literatures 
and supplier’s specifications. 
 
Table 8.1 Material properties used for the numerical models 
 
Material Young’s Modulus 
(N/m²) 
Poisson’s  
Ratio 
Density 
(kg/m³) 
Concrete 1.81E+10 – 2.09E+10 0.14 – 0.19 2,340 – 2,430 
Aluminium joiner 7.00E+10 0.33  2,710 
Crack inducer 1.20E+10 0.25 1,500 
Modified crack inducer 1.20E+10 0.25 1,500 
Concrete joiner 3.46E+10 0.15 2,380 
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8.2.4 Contact Interfaces 
Contact elements were highly nonlinear and demand significant computational time and 
memory. The regions that were in contact or separate were not known in the beginning 
of solution and vary based on material, boundary conditions, loads, and other factors. 
Frictional behaviour is also nonlinear and the frictional response can be discontinuous, 
making convergence difficult. Rigid to flexible contact elements were used for 
interaction, since concrete has a much higher stiffness when compared to the joiner. 
More specifically, surface to surface, finite sliding, semi automatic contact elements 
were used to model the interaction between the slabs. The friction between joiner and 
concrete slab was incorporated into the model by assigning joiner friction coefficient for 
the contact elements.  
 
The side surface of the joiner was defined as the “master surface” and the side of the 
concrete slab was defined “slave surface” thus forming a contact pair. Contact elements 
cannot penetrate the slave surface; however, slave elements can penetrate the contact 
surface. More specifically, higher order elements were used for the joiner and lower 
order elements were used for the concrete slab, since the main goal is to determine the 
behaviour of joiner and investigate the stepping displacement in the slab. Furthermore, 
their use also enabled the consideration of large deformations with significant amount 
of sliding and friction, thus providing better contact results and use fewer contact 
elements and so less memory and control bonded contact and initial penetration. Since 
the slave surface is cervical, lower order slave elements were found to be sufficiently 
accurate. This is because these elements use less memory to calculate penetration and 
contact.  
 
8.2.5 Boundary and Loading Conditions 
As mentioned above the analysis of a displacement process in a concrete pavement is 
modeled with ABAQUS/Standard. Because of this type of analysis, there are a few 
special considerations regarding the boundary and loading conditions used. The 
boundary conditions of the concrete model were set as free edge boundaries. One slab 
was applied a line of vertical pushed up (displacement) and the adjacent slab was added 
load as shown in Figure 8.2.  
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A series of loads ranging from 0 kg to 160 kg was considered in this study. The self 
weight of the concrete slabs is handled automatically by ABAQUS/Standard. In this 
study, temperature and shrinkage were not considered. According to (Thompson et al. 
1987), temperature change in the concrete pavement is very small and which is not 
related to the displacement analysis.  
 
 
 
 
Figure 8.2 Dead load uniformly distributed on the slab 
 
 
8.2.5 Meshing 
Regions of proposed joiners and the region slabs surrounding the proposed joiners 
require a very fine mesh refinement. The developed FE mesh is shown in Figure 8.3. 
From Figure 8.3, it can be seen that there exists a very fine mesh around the proposed 
joiners whereas the mesh size is coarser towards the centre of the slab. The fine mesh 
enables accurate assessment of the flow of contact stresses that develop around the 
proposed joiners and its transmission until it reaches the middle of the slab. The 
proposed joiner – concrete interface is the primary area of concern and the developed 
contact stresses may cause concrete and / or joiner failure. The fine mesh was used, thus 
this produced realistic modelling of the proposed joiners. It is worth mentioning that 
this model was not in the literature study before. 
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Figure 8.3 FE mesh of the geometry 
 
 
8.3 Numerical Model Results 
The developed proposed joiners were able to identify and quantify the stepping 
displacement in concrete pavement that affect the pavement service life and tripping 
hazards. It was found that under different loading ranged 0 to 160 kg, the stresses 
between the concrete slab and proposed joiner were effectively smaller than the yield 
stresses of the two materials. Thus, linear elastic material models were used in the 
developed numerical model. 
 
In this section additional results obtained from the developed numerical model, which 
was analyzed under varies uniform loads, are reported with each proposed joiner. In 
particular, the results related to the stepping displacements are discussed in detail. 
Finally, the developed numerical model is used to compare the effects associated with 
each stepping displacement conducted in the laboratory tests. 
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8.3.1 Aluminium Joiner 
The aluminium joiner is embedded inside the concrete material as a control joint of the 
slabs as shown in Figure 8.4. On application of stepping displacement on the slabs, a 
line applied at the bottom of concrete slab model was pushed up and so do the 
aluminium joiner acted as a shear key to accommodate the adjacent slab by moving up 
together. To illustrate the load transfer capability along the control joint using the 
aluminium joiner, the stepping displacement is analysed for different loads added on to 
the slab. The continuity along the control joint indicates that the aluminium joiners 
performed their intended function in transferring the load across the joint. It also shows 
that either no load or 160 kg load added on the slab, the maximum displacements occurs 
when the concrete slab was pushed up to 50 mm from the ground. In addition, the shape 
of the aluminium joiner demonstrates the ability to reduce the stepping displacement.  
 
The comparison results between the numerical analyses and laboratory tests are shown 
in Figure 8.5. The stepping displacement of numerical analysis results was unchanged 
either no load or a dead load added on the slab. However, the stress increases with the 
application of additional load on the slab. Thus, there is high possibility of high contact 
stress formation at this aluminium joiner – concrete interface. In the laboratory tests, 
failure of concrete slabs was observed in the form of cracks as illustrated in Figure 8.6. 
The failure formation is simulated by the addition of a failure limit in the numerical 
program. The modulus of rupture value for concrete, 3.8 MPa is taken as the failure 
limit for the model. Thus, stress values close to this limit indicates failure or crack 
formation at the point of measurement. 
 
Comparison to laboratory tests, the added loads would increase the stepping 
displacement level in the aluminium joiner.  The maximum stepping displacement of 
the laboratory tests was recorded at 2.91 mm when the 160 kg dead load was distributed 
evenly across the whole slab. From Figure 8.5, It can be seen that the numerical results 
were significant different to the laboratory results. It could be that the loads did not 
evenly distribute over a slab during the laboratory testing. Other than that the piece of 
solid timber did not simulate exactly like a line in the numerical analyses. 
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Figure 8.4 Numerical model of aluminium joiner 
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Figure 8.5 Comparison results between FEM and laboratory of aluminium joiner. 
 
 
 
Figure 8.6 Alumimum joiner caused concrete crack  
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8.3.2 Crack Inducer Strip 
Similar study to the aluminium joiner was conducted except the crack inducer strip was 
modeled as shell elements. These FE analyses consist of three parts such as two 
concrete slabs and a crack inducer strip. A score line was assumed at the top part of the 
slab in order to have separation for both slabs when the concrete slab was pushed up. 
Thus, a rational assumption is that aggregate interlock can exist in the bottom part of the 
slab thickness. The crack inducer strip embedded in concrete material is illustrated in 
Figure 8.7.  
 
In the reality, aggregate interlock depends on the joint opening, which is a result of 
shrinkage of the concrete and thermal contractions. Shrinkage of the concrete depends 
on concrete material proportions, added admixture, curing and environmental factors 
including humidity. Thermal contraction depends on the time of placement ambient 
temperature and thermal factors such as coefficient of thermal expansion absorbability, 
emmisivity and conductivity (Asgari 2004). 
 
 
 
Figure 8.7 Numerical model of crack inducer strip 
 
The numerical model analyses compared to the laboratory tests are shown in Figure 8.8. 
The model analyses of the crack inducer the same as the laboratory tests. In the first 
model analyses, no additional load was applied on the slab, the maximum stepping 
displacement of numerical model varying from 0.10 mm to 0.30 mm compared to 
laboratory tests varied from 0.10 mm to 0.35 mm (which are very similar results). The 
stepping displacement of 40 kg and 80 kg load of numerical model on the slab varied 
from 0.20 mm to 0.40 mm. However, the stepping displacement of the laboratory tests 
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varied from 0.10 mm to 0.89 mm respectively. The difference stepping displacement 
results between numerical model and the laboratory tests of 40 kg and 80 kg load vary 
by approximately 0.50 mm.  
 
The last two model analyses were the same as the previous two model analyses except 
that the loading on slab was now increased to 140 kg and 160 kg. The stepping 
displacement in these analyses varied from 0.20 mm to 0.50 compared to laboratory 
tests varying from 0.23 mm to 1.02 mm. Again, the difference in stepping displacement 
results between numerical and the laboratory tests of 140 kg and 160 kg load vary by 
approximately 0.50 mm. Overall, the numerical analyses results are promising and 
reliable. 
 
0.00
0.50
1.00
1.50
2.00
0 10 20 30 40 5
Concrete slab lifting from ground (mm) 
St
ep
pi
ng
 d
is
pl
ac
em
en
t (
m
m
)
0
0kg - FEM 0kg - Lab
40kg - FEM 40kg - Lab
80kg - FEM 80kg - Lab
140kg - FEM 140kg - Lab
160kg - FEM 160kg - Lab
 
 
Figure 8.8 Comparison results between FEM and laboratory of crack inducer 
 
8.3.3 Modified Crack Inducer Strip 
In this study, a similar model for the crack inducer was used except a modification of 
thin plate was added at the top of crack inducer as illustrated in Figure 8.9. The purpose 
of the modified crack inducer strip was to provide a breaking line that would allow the 
concrete slab to separate at the line. Concrete slabs were modeled as solid elements but 
the modified crack inducer was modeled as shell elements. This model was built to 
simulate the laboratory tests of the modified crack inducer where stepping 
displacements were measured.  
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Figure 8.9 Numerical model of modified crack inducer 
 
The same analyses of the crack inducer were carried out on the modified crack inducer. 
The results of the numerical model compared with the laboratory tests of modified 
crack inducer strips are shown in Figure 8.10. The trend of the curve, as shown in 
Figure 8.10, was very similar to that of the crack inducer (Figure 8.8). The comparison 
between the numerical model results indicates a remarkable qualitative agreement with 
laboratory tests. The different maximum stepping displacements between numerical 
model and laboratory test was calculated at about 0.45 mm. However, the difference in 
stepping displacement results between numerical model and laboratory tests of 0, 40 kg, 
80 kg, 140 kg and 160 kg load varying from 0.10 mm to 0.45 mm. It can be seen that 
the added load would increase the stepping displacement level in the modified crack 
inducer joint. 
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Figure 8.10 Comparison results between FEM and laboratory of modified crack inducer 
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8.3.4 Concrete Joiner Strip 
The numerical model was developed in this study to investigate the applicability of a 
concrete joiner. The modelling consists of a concrete joiner jointed in two concrete 
slabs as illustrated in Figure 8.12. The concrete joiner was modeled as solid elements 
and used fine mesh in order to account for the mechanism of concrete joiner contact and 
the associated states of stress that develop around the concrete joiners for different 
displacement profiles.  
 
 
 
Figure 8.11 Numerical model of concrete joiner 
 
The analyses of the concrete joiner model were the same as the aluminium joiner, crack 
inducer strip and modified crack inducer strip. Figure 8.12 shows the stepping 
displacement of concrete slabs as different loads were added to the concrete slab and 
compared to the laboratory tests. From the Figure 8.12, it can be seen that the added 
load would increase the stepping displacement level for the concrete joint. The stepping 
displacement results of overall numerical model varied from 0.15 mm to 0.40 mm either 
no load or dead load uniformly distributed on slabs. Comparisons with laboratory 
results, the stepping displacement with no additional load varied from 0.16 mm to 0.69 
mm, while 40 kg and 80 kg load on slab 2 varied from 0.32 mm to 1.16 mm and 0.33 
mm to 1.38 mm respectively. 140 kg and 160 kg load on slab 2 varied from 0.59 mm to 
1.44 mm and 0.94 to 1.68 mm respectively. 
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Figure 8.12 Comparison results between FEM and laboratory of concrete joiner 
 
There have some discrepancies between numerical model anlayses and laboratory tests. 
However, it should be mentioned that a shear crack in the wing of the concrete joiner 
developed and was noticed during laboratory testing. It also should be noted that the 
numerical model analyses plots the appearance of high stress between the concrete 
joiner and the surrounding concrete surface as shown in Figure 8.13. In the laboratory 
testing, although high strength concrete was designed and used the wing of the concrete 
joiner was too small and could not sustain the load from concrete joiner as well as 
impose load. 
 
 
 
Figure 8.13 Crack in the concrete joiner 
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8.4 Data Analysis 
This section is to explain the theoretical analysis between the numerical models and 
laboratory tests. The most reliable method of investigating the accuracy of the 
numerical models is to compare its results with laboratory test results for the same 
structure under identical loading conditions. The results of the theoretical study are 
presented in non dimensionless form. 
 
Regression analysis was performed to find the relationship between non dimensional 
displacement and non dimensional load that were used as variables in the non 
dimensional values. The response variables for this non dimensional displacement are 
the stepping displacement and concrete slab lifting from the ground. Predictor variables 
used for the non dimensional load are self weight of one concrete slab, added load on 
concrete slab, Young’s modulus material of joiner, concrete slab lifting from the ground 
and length of concrete slab.  
 
Based on the scatter plot of the non dimensional displacement against the non 
dimensional load, it was decided that Equation 6.4 would be appropriate to describe the 
relationship between non dimensional displacement and non dimensional load. Figures 
8.14 – 8.17 show the non dimensional analyses obtained from numerical model 
compared to laboratory tests. The effect of slab displacement (
D
d ) on the slab load was 
carried out (
EDL
PWt + ) for each joiner is shown in Figures 8.14 – 8.17.  The linear 
regression model fit to the numerical model has an R² value between 0.9100 and 
0.9587. Substituting the constants C1 and C2 determined by line fitting in Equation 6.4, 
the empirical relationship for the displacement in term of normalized values of load is 
obtained as shown below.  
 
Aluminium joiner, 
D
d  = 01.0
EDL
)PW(74.565 t ++ ,  R2 = 0.9100 
 
Crack inducer,  
D
d  = 0059.0
EDL
)PW(78.106 t ++ ,  R2 = 0.9211 
196 
Chapter 8 Numerical Models for Proposed Joiners
 
 
Modified crack inducer 
D
d  = 0058.0
EDL
)PW(705.70 t ++ , R2 = 0.9411 
 
Concrete joiner 
D
d  = 0075.0
EDL
)PW(39.163 t ++ , R2 = 0.9587 
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Figure 8.14 Comparison non dimensional results between FEM and  
              laboratory test of the aluminium joiner 
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Figure 8.15 Comparison non dimensional results between FEM and  
laboratory test of the crack inducer 
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Figure 8.16 Comparison non dimensional results between FEM and  
 laboratory test of the modified crack inducer 
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Figure 8.17 Comparison non dimensional results between FEM and  
laboratory test of the concrete joiner 
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8.5 Conclusions 
This chapter has describes the FEA of proposed joiners. The FE program ABAQUS is 
used for the analysis. The aim of the analysis was to establish numerical models which 
are capable of predicting the behaviour of the stepping displacements in the proposed 
joiners that could supplement the experimental data in Chapter 6.  
 
From the FEA, the results for the aluminium joiners are lower than laboratory test 
results, although the numerical model assumed the same material properties across the 
laboratory tests. The difference results between numerical models and laboratory tests 
could be the cracks occurred at the sharp edge of aluminium joiner when the laboratory 
tests were conducting. It is because the aluminium joiner was too rigid and it would 
cause high stresses between the aluminium joiner and concrete.  
 
The FEA results for crack inducer strips and modified crack inducer strips illustrates 
that numerical model is capable of producing similar results to those obtained from 
laboratory tests. The linear stress-strain curves obtained from the material property tests 
on the crack inducer and modified crack inducer together with the data for the concrete 
are incorporated in the numerical model. The shell element is selected to represent the 
crack inducer and modified crack inducer. The shell elements allow finite membrane 
deformation and large rotations and thus are suitable for contact analysis.  
 
Comparison between the FEA and laboratory tests on the concrete joiners shows that 
the results of FEA and laboratory tests are acceptable. However, the FEA determined 
similar trends of stepping displacement results as observed experimentally. From the 
FEA, the concrete joiner is predicted without any cracks or defects and one of solutions 
to pedestrian concrete pavement displacement and movement problems. In reality, the 
concrete joiner conducted in the laboratory tests showed a shear crack formed at the 
wing of the concrete joiner when 160 kg added to adjacent slab as shown in Figure 8.13.  
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CHAPTER 9 : DEVELOPMENT OF A SIMPLE, LOW COST AND EFFECTIVE  
CONCRETE JOINER STRIPS  
 
 
9.1 Introduction 
In chapters 6 and 8, the experimental test results and finite element analyses of concrete 
joiner were explained. The concrete joiner is the cheapest and the most economical to 
be used as an innovative control joint in pedestrian concrete pavements. The focus of 
this chapter is to improve the original concrete joiner based on the finite element 
analyses and then conducted experimental tests. For the concrete joiner design purposes 
and finite element analysis, the computer program ABAQUS are used. The capacities 
and limitations of these programs are briefly discussed. The experimental tests on the 
concrete joiner and a comparison of the finite element results and experimental test 
results are also described.  
 
 
9.2 Numerical Models 
In this study, a series of 3D numerical models were analysed prior to conducting 
laboratory experimental tests. Because of the high costs of laboratory tests, 
experimental programs are usually limited to a small number of specimens. A solution 
to this problem is the use of commercial finite element (FE) packages, ABAQUS which 
offer an attractive and cheaper alternative to generate reliable additional data provided 
that the accuracy of the FE model is first verified against test evidence. In literature, a 
large number of publications related to the numerical simulation of pavement joints can 
be found. Examples of such references where the numerical models are calibrated 
against experimental results, followed by extensive numerical parametric studies, are 
(Zahidul 2004) who studied the curing of concrete pavements and (Gergis 2003) who 
studied the effect of temperature variations on premature cracking of dowel jointed 
concrete pavements. However, in literature on concrete joiner in concrete pavements, 
there is no information available about a numerical solution.  
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The FE analyses provide a significant base for the development of mechanistic analysis. 
The underlying premise of the method states that a complicated domain can be sub 
divided into a series of smaller regions in which the differential equations are 
approximately solved. By assembling the set of equations for each region, the behaviour 
over the entire problem domain is determined. Each region is referred to as an element 
and the process of subdividing a domain into a finite number of elements is referred to 
as discretion. Elements are connected as specified points, called nodes, and the 
assembly process requires that the solution be continuous along common boundaries of 
adjacent elements. Although solution obtained by the FE analysis is an approximation, 
it is possible to enhance the accuracy of the results by defining finer elements providing 
accurate material properties. One of the major advantages of the FE analysis is that it is 
applicable to a problem with any shape, material properties, and loading type. The basic 
steps involved in any FE analysis consists of the following phases 
 
a. Preprocessing Phase 
• To create and discrete the solution domain into finite elements, i.e. to 
subdivide the problem into nodes and elements; 
• To assume a shape function to represent physical behaviour of an 
element, i.e. to assume an approximate continuous function to represent 
the solution of an element; 
• To develop equations for an element; 
• To assemble the elements to present the entire problems and to construct 
global stiffness matrix and 
• To apply boundary conditions, initial conditions and loading. 
 
b. Solution Phase 
• To solve a set of linear or nonlinear algebraic equations simultaneously 
to obtain nodal results, such as, displacement values at different nodes. 
 
c. Postprocessing Phase 
• To obtain other important information, such as values of principal 
stresses. 
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9.3 Model Building 
Linear elastic material models are used to represent pavements and the concrete joiner. 
There is no information on a concrete joiner as control joint. However, several previous 
studies on dowels jointed concrete pavement (Kennedy 1996; Lee et al. 1998; Fahmy 
2000) showed that a linear elastic material assumption produced acceptable agreement 
between FE predicted and field measure pavement responses. Table 9.1 shows the basic 
material properties used in FE analysis. Three input parameters viz., the Young’s 
modulus, Poisson’s ratio and density were obtained from average values of the concrete 
cylinder test from previous experimental concrete joiner tested as discussed in         
Section 6.4.  
 
Table 9.1 Material properties used for the numerical model 
 
Material Young’s Modulus 
(N/m²) 
Poisson’s  
Ratio 
Density 
(kg/m³) 
Concrete slab 2.14E+10 0.18 2,410 
Concrete joiner 3.46E+10 0.15 2,380 
 
 
Solid elements were selected to model a rigid pavement consisting of a 3.0 m long,        
0.5 m wide and 75 mm thick concrete slab. To eliminate the effect of boundary and 
loading conditions and to ensure a realistic and accurate modelling of the concrete slab 
and concrete joiner, a concrete joiner strip joined concrete slabs as illustrated in         
Figure 9.1. The FE mesh and model layout are illustrated in Figures 9.2. Regions of 
high stress intensity such as the transverse joint (concrete joiner) require a precise mesh 
refinement. Therefore, a refined mesh is developed in the vicinity of the transverse 
joint. Such a representation permits the studying of the behaviour of transverse joints 
under loads and displacements. 4-node linear tetrahedron (C3D4) elements were used to 
model the concrete slabs as well as the concrete joiner. Modelling the concrete joiner 
using C3D4 elements accurately simulates the interaction between concrete joiner and 
concrete.  
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Figure 9.1 Model boundary conditions 
 
 
 
Figure 9.2 FE mesh of the full model 
 
Moreover, this also takes into consideration the friction between the concrete joiner and 
concrete on the sliding side (unbonded) as well as the simulation of the bond 
characteristics between the concrete joiner and concrete on the tied side. In absent of 
experimental data for the coefficient of friction at the concrete joiner – concrete 
interface, a value of 0.002 is assumed on the sliding side. The sliding interface allows 
the interface material to separate upon the development of tensile forces, which exceed 
the compressive force due to slab weight and applied added load. The contact area used 
in this study was the same studied in Chapter 8. Free edge boundaries are assumed at 
the lateral end of the concrete slab. 
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Figure 9.3 shows a cross section of the transverse joint modeled. To reduce the 
computational time, a transverse joint and two concrete slabs were modeled instead of 
three joints, two concrete slabs plus two smaller slabs (one at each end) were studied in 
the laboratory tests. Thus, only a small model needs to be solved as illustrated in         
Figures 9.1 and 9.2, which also illustrates the boundary conditions. 
 
 
Joiner 
Slabs 
Figure 9.3 Cross section of transverse joint 
 
9.4 Numerical Model Results 
9.4.1 Stepping Displacement / Vertical movement 
Figure 9.4 shows the numerical model stepping displacement results for different loads 
applied on concrete slab. A series of graphs is plotted by stepping displacement against 
concrete slab lifting up from the ground (vertical movement). Stepping displacement 
measured the difference between the unloaded slab vertical displacement and loaded 
slab vertical displacement values when the unloaded concrete slab was vertically moved 
up. In general, the effect of stepping displacement appears approximately 1 mm when 
the concrete slab was moved up (vertical movement) more than 30 mm but did not have 
any effects on load applied on the concrete slab.  
 
It can be seen that all the stepping displacement results exhibited similar responses 
although different uniform loads were applied on the concrete slab. It can be explained 
that the added load on the concrete slab would not increase the stepping displacement 
level at the transverse joint by using the concrete joiner. This is because the concrete 
joiner is strong, rigid and able to convey load from one slab to the next adjacent slab. It 
should be noted that the material for concrete joiner was used and modeled as high 
strength concrete.  
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The maximum stepping displacement was about 3.30 mm when the unloaded concrete 
slab was lifted up to 50 mm. However the stepping displacement was about 1 mm and 
0.2 mm when the unloaded concrete slab was lifted up to 30 and 10 mm respectively as 
shown in Figure 9.4 and graphically shown in Figure 9.5. Based on results of Figure 
9.4, no significant conclusion could be reached as the stepping displacement levels are 
similar although different loads was applied on the concrete slab with no noticeable 
trend. For this reason an attempt was made to look for the maximum principal stresses.  
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Figure 9.4 FEM results for concrete joiner strip 
 
 
(a) Vertical movement 
10 mm 
 
(b) Vertical movement  
30 mm 
 
(c) Vertical movement  
50 mm 
 
Figure 9.5 FEA on stepping displacement 
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9.4.2 Maximum Principal Stresses 
The maximum principal stresses curve is plotted in Figures 9.6. The profile of 
maximum principle stress on the concrete joiner at different loadings applied on 
concrete slab is shown in Figures 9.7 to 9.10. Careful observation of the stress 
distributions at the concrete joiner-concrete interface at different loadings applied on the 
concrete slab reveals the following : 
a. Areas of stress concentrations can be studied. The maximum principal stress is 
more than 1.0 E 107 Pa for all cases. 
b. The stress profiles at the concrete joiner - concrete interface for all cases 
indicate relative high contact stress development at the bottom edges between 
the concrete joiner and the concrete slab when the concrete slab was initially 
lifted up. 
c. The stress profiles also show higher maximum principal stresses induced around 
the concrete joiner when higher loads were applied to the concrete slabs.  
d. The stress observed at the concrete joiner is more severe than that developed at 
the concrete slab, indicating the possibility for a crack to initiate from either the 
slab or concrete joiner.  
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Figure 9.6 Maximum principal stresses 
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(a) Increment 3, Step time 3.0000E-02 
 
 
(b) Increment 20, Step time 0.8580 
 
 
(c) Increment 35, Step time 1.0000 
 
Figure 9.7 Distribution of maximum principle stresses on the concrete joiner –  
                  a concrete slab was lifted up to 50 mm and no addition load on slab. 
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(a) Increment 8, Step time 0.2278 
 
 
(b) Increment 21, Step time 0.8587 
 
 
(c) Increment 52, Step time 1.0000 
 
Figure 9.8 Distribution of maximum principle stresses on concrete joiner – a concrete       
slab was lifted up to 50 mm and the adjacent slab had a 40 kg added uniform load 
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(a) Increment 8, Step time 0.2278 
 
 
(b) Increment 16, Step time 0.8316 
 
 
(c) Increment 43, Step time 1.0000 
 
Figure 9.9 Distribution of maximum principle stresses on concrete joiner – a concrete 
slab was lifted up to 50 mm and the adjacent slab had a 80 kg added uniform load 
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(a) Increment 10, Step time 0.4556 
 
 
(b) Increment 40, Step time 0.8250 
 
 
(c) Increment 71, Step time 1.000 
 
Figure 9.10 Distribution of maximum principle stresses on concrete joiner – a concrete 
slab was lifted up to 50 mm and the adjacent slab had a 140 kg added uniform load 
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(a) Increment 10, Step time 0.4556  
 
 
(b) Increment 20, Step time 0.8221 
 
 
(c) Increment 63, Step time 1.000 
 
Figure 9.11 Distribution of maximum principle stresses on concrete joiner – a concrete 
slab was lifted up to 50mm and the adjacent slab had a 160kg added uniform load 
9.5 Verification of the Numerical Models 
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The most reliable method of investigating the accuracy of the numerical model is to 
compare its results with laboratory tests for the same structure under identical loading 
conditions. Note that the numerical results in this case are obtained before the 
laboratory experiments are conducted. 
 
9.5.1 Test Setup and Concrete Pouring 
A full scale prototype concrete pavement of 3.5 m long, 0.5 m wide and 75 mm thick 
was cast on a steel testing frame. The testing frame and set up were the same as the 
CFRP dowels and proposed innovative joiners testing frame as discussed in Chapter 4 
and Chapter 6 respectively. The component of the experimental study was the design of 
the testing set up for full scale testing of three concrete panels plus two smaller slabs 
(one at each end) joined with three concrete joiner strips as shown in Figure 9.12. The 
shape of the concrete joiner strip is shown in Figure 9.13. This testing focused on 
stepping displacement (the difference between vertical movements of adjoining slabs) 
which is the main cause of tripping hazards in pedestrian and therefore the most critical 
measurement for assessing the adequacy and performance of concrete joiner. The two 
ends of the concrete slabs were restrained by steel angle. Lateral and vertical 
deformations at the joint were measured using four dial gauges and four Linear Variable 
Differential Transformers (LVDTs) mounted at critical points and monitored through 
the data acquisition system.  
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Figure 9.12 The locations of concrete joiner strips installed 
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Figure 9.13 The shape of the concrete joiner strip 
 
 
9.5.2 Concrete Properties 
Concrete ordered from ready mix company had 20 MPa and slump 75 ± 25 mm. Tests 
on the concrete were conducted according to Australian Standard, which contains 
procedures similar to relevant ASTM standards to measure the workability (slump test), 
compressive, tensile and flexural strength and modulus of elasticity of concrete. The 
slump test for the concrete before casting was measuring at 80 mm. The hardened 
compressive strength and mechanical properties of the concrete were determined at ages 
of 7 days and 28 days respectively. The concrete was water cured and air drying cured. 
The latter was to simulate the actual field practice at 7 days and 28 days of concrete 
curing as shown in Table 9.2. Water curing is a process of continuing immersion of 
concrete in water until the day of testing, while air drying was a procedure whereby 
concrete was exposed to air after demoulding.  The 28 days average compressive 
strength, modulus of elasticity, tensile splitting strength and flexural of the concrete by 
water curing was found to be 23.2 MPa, 21.2 GPa, 2.8 MPa and 3.3 MPa respectively.  
 
It was noticed that, as expected, overall concrete samples that were air dried were found 
to have slightly lower strength than concrete which was water cured. This is because 
cement hydration proceeds by a dissolution mechanism, the empty pores spaces created 
due to drying or self desiccation are no longer available to be filled with hydration 
products, so that the hydration process will slow down and effectively terminate at a 
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lower degree of hydration. This obviously signifies the importance of adequate water 
curing for the strength development of concrete. 
 
Table 9.2 Mechanical properties of concrete strength 
 
Age (days) Types of testing Curing regimes 
7 28 56 90 
Water curing 15.7 
(0.3) 
23.2 
(0.9) 
25.2 
(0.8) 
27.4 
(0.8) Compressive strength 
(MPa) Air drying 13.2 
(0.4) 
20.9 
(0.6) 
22.5 
(0.3) 
25.2 
(0.6) 
Water curing 16.8 
(0.9) 
21.2 
(0.8) 
22.6 
(0.6) 
24.7 
(0.6) Modulus of elasticity 
(GPa) Air drying 13.9 
(0.6) 
19.3 
(0.7) 
20.5 
(0.7) 
22.2 
(1.0) 
Water curing 2.2 
(0.1) 
2.8 
(0.1) 
3.0 
(0.1) 
3.2 
(0.1) Tensile splitting strength 
(MPa) Air drying 1.9 
(0.1) 
2.1 
(0.2) 
2.6 
(0.2) 
2.8 
(0.2) 
Water curing 2.7 
(0.1) 
3.3 
(0.1) 
3.8 
(0.1) 
4.1 
(0.1) Flexural strength 
(MPa) Air drying 2.4 
(0.1) 
3.1 
(0.1) 
3.3 
(0.1) 
3.9 
(0.1) 
 
 
9.4.3 Concrete Joiner Strip Properties 
High strength concrete was used to design the concrete joiner. The mix proportion 
designed for the concrete joiner was same as concrete joiner as described in          
Section 3.2.7. The formwork for the casting of the concrete joiners was fabricated as 
shown in Figure 9.14. A 6 mm diameter mild steel rod was placed at the centre of the 
concrete joiner prior to concrete casting. After 24 hours of casting, concrete joiners 
were demoulded and two layers of epoxy coating were applied for sealing the surface to 
prevent any moisture transfer to the environment. The accurate measurement and 
mixing of two parts of resin to one part of hardener by volume was considered 
important for better sealing (Perra and Setunge 2004). The specimens were then stored 
in the temperature stable laboratory at 23 ± 1 °C until the concrete joiner samples were 
tested at 28 days. The mechanical properties results are shown in Table 9.3. 
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Figure 9.14 Formwork for concrete joiner. 
 
 
 
Table 9.3 Mechanical properties for concrete joiner 
 
Age(s) Types of testing 7 days 28 days 
Compressive strength (MPa) 78.2 100.1 
Modulus of elasticity (GPa) 24.4 36.2 
Tensile splitting strength (MPa) 3.9 4.8 
Flexural strength (MPa) 4.7 6.8 
 
 
9.5.5 Laboratory Tests on Full Scale Pavements 
A series of tests were conducted which were the same as previous tests on CFRP and 
proposed innovative joiners with the loading on the slabs ranging from 0 to 160 kg. The 
plan of the concrete pavement testing is shown in the Figure 9.15. For the first testing, 
no additional load was applied to any of the slabs and concrete slabs were pushed up 
from the bottom of Slab 1 along line AB using the hydraulic jack. For the second, third, 
fourth and fifth testing, 40 kg 80 kg, 140 kg and 160 kg dead loads were added on the 
Slab 2 respectively and concrete slabs were pushed from the bottom of slabs 1 along 
line AB using the hydraulic jack. The line AB represents a long piece of solid timber of 
0.45 m in length which was placed between a solid timber cube and the bottom surface 
of Slab 1. 
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Dial gauges and LVDTs were used to measure the vertical movements of the slabs at 
loaded and lifted side during displacement increment. Once the hydraulic jack lifted up 
from the bottom of slab 1 at 10, 30 and 50 mm from the ground, the displacements of 
both slabs at G3 to G6 were recorded by LVDTs. The stepping displacement was 
obtained by subtracting displacement reading of G3 from that of G4 and similarly by 
subtracting displacement reading of G5 from that of G6. It is noted that in this test, the 
displacements at the locations G1, G2, G7 and G8 were negligible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.25 m 
 
 
1.5 m 
 
 
 0.125 m 
0.25 m 
 
 
1.5 m 
B
 
A
 
0.
.5
 m
 
G3 
G4 
G5 
G6 G2 G8 
G1 G7 
    
Jo
in
t 1
 
    
Jo
in
t 2
 
Slab 1 Slab 2 
0.
45
 m
 
    
Jo
in
t 3
 
Figure 9.15 Plan of testing frame 
 
 
9.4.5 Stepping Displacement Tests 
Concrete is the most popular and widely used construction material. When the concrete 
is freshly mixed, it is plastic and workable, allowing to it to be poured into place and 
finished. In the presence of water, silicates and aluminates of cement react through a 
chemical reaction called hydration. The hydrated cement paste will bond together with 
aggregate, integrate to form a mixture which continues with time, is hard, strong and 
durable. The self weight of each concrete joiner strip was about 3.6 kg and the self 
weight of each concrete slab was about 135 kg. Figure 9.16 shows the concrete slabs 
pushed up to 50 mm from the base of the frame of the slabs along a long piece of solid 
timber using on hydraulic jack.  
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Figure 9.16 Slabs was pushed up 50 mm by using on hydraulic jack. 
 
 
The stepping displacement results are shown in Table 9.4 and the stepping displacement 
curve is plotted in Figure 9.17. It can be seen that the added load would increase the 
stepping displacement level on the concrete joint. When the concrete slab was pushed 
up from the ground to 50mm, the stepping displacement with no additional load varied 
from 0.50 mm to 2.16mm, while 40 kg and 80 kg load on Slab 2 varied from 0.53 mm 
to 2.81 mm and 0.57 mm to 2.95 mm respectively. 140 kg and 160 kg load on Slab 2 
varied on 0.66 mm to 3.08 mm and 0.71 to 3.32 mm respectively. The overall maximum 
stepping displacement did not exceed 5 mm which fulfilled the specification of               
AS3727 (1993).  
 
Table 9.4 Concrete joiner strip testing results. 
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 Stepping displacement G5 – G3 Stepping displacement G6 – G4 
Lift 0 10mm 30mm 50mm 0 10mm 30mm 50mmLoad 
0 kg 0.00 0.50 0.83 2.02 0.00 0.60 1.09 2.16 
40 kg 0.00 0.53 1.44 2.81 0.00 0.72 1.07 2.30 
80 kg 0.00 0.76 1.46 2.95 0.00 0.57 1.04 2.38 
140 kg 0.00 0.88 1.63 3.08 0.00 0.66 1.29 2.53 
160 kg 0.00 0.94 1.68 3.32 0.00 0.71 1.32 2.44 
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Figure 9.17 Concrete joiner strip testing results. 
 
 
9.5.7 Creep Displacement Test 
Figure 9.18 shows the stepping displacement due to creep. The creep displacement 
results were recorded over a period of 5 weeks. The maximum creep displacement 
measured was 0.13 mm. Full creep displacement results for concrete joiner is shown in 
Appendix D From Figure 9.18, it can be seen that the creep displacement move very 
fast at the initial stage. It should not be happen in the real practical work. It could be 
that the concrete joiner had some gaps when the concrete slab was pushed up.    
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Figure 9.18 Creep displacement results – concrete joiner strip 
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After completing the creep displacement test, the concrete slabs were removed and the 
concrete joiner was investigated. There was not any crack or fracture on the concrete 
joiner. The same can be said about the concrete slab as shown in Figure 9.19  
 
 
          
 
Figure 9.19 Investigation the concrete joiner after tested. 
 
 
9.5.8 Data Analysis 
In order to verify the experimental analysis by theoretical analysis, a non dimensional 
analysis was used. Figure 9.20 show a non dimensional displacement plotted against the 
non dimensional load as according to Equation 6.4. The non - dimensionized 
displacement values were the ratio of stepping displacement values and the concrete 
slab lifting from ground values. However, the non-dimensionlized load values were the 
weight of concrete slab and added load with respect to the Young’s modulus of joiner 
material, the length of concrete slab and the concrete slab lifting from ground values. 
The non-dimensionlized values of the displacement were plotted against the non-
dimensionalized values of the load. 
 
From Figure 9.20, it can be seen that the line fitted to the data according to Equation 6.4 
has an R² value of 0.8608. indicating a good fit. Substituting the constants C  and C1 2 
determined by line fitting in Equation 6.4, the empirical relationship for the non 
dimensional analysis is obtained as  
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D
d 0399.0
EDL
)PW(97.702 t ++ = ,  R² = 0.8608 
 
where  
  d = stepping displacement (mm) 
  D = concrete slab lifting from the ground (mm) 
  W  = self weight of one concrete slab (N) t
  P = added load on concrete slab (N) 
  E = Young’s modulus material of joiner (N/mm²) 
  L = length of concrete slab (mm) 
 
The results of this study will be used to determine the least stepping displacement that 
minimizes the chance of tripping hazard and enhances pavement service life.  
 
d/D = (702.97 (Wt + P) / EDL) + 0.0399
R2 = 0.8608
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Figure 9.20 Non dimensional analyses 
 
 
9.6 Modification of Numerical Models  
After laboratory tests on the concrete joiner, it was noticed that the laboratory test 
results on the concrete joiner was slightly different to the numerical models. In the 
numerical models, the concrete joiner was assumed unbonded to both concrete slabs. 
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However, in the laboratory tests, one side of the concrete joiner was bonded with the 
concrete slab and the other side was unbonded as shown in Figure 9.16. The concrete 
joiner side bonded with the concrete slab could be affected by the epoxy. Two layers of 
epoxy coating were applied to the concrete joiner for sealing the surface to prevent any 
moisture transfer to the environment and reduce resistance between the concrete joiner 
and the concrete slabs. However, the epoxy coating was sticky and made the concrete 
joiner bond with the concrete slab.  
 
A modified numerical model was developed to simulate the concrete joiner used in the 
laboratory tests. The geometry of the slab structure was the same as those used for the 
model development with 3.0 m long, 0.5 m wide and 75 mm slab thickness. Poisson’s 
ratio, Young’s modulus, density values of the concrete joiners and the concrete slabs 
were the same as the previous before numerical models. After modelling and analysis, 
the concrete joiner bonded with the concrete slab as shown in Figure 9.21a, a 
notification of concrete chip off could be observed at the bottom edge of the concrete 
slab. In order to understand what would be happen if the concrete is chipped off, the 
bottom sharp edge of the concrete slab, it was modelled as shown in Figure 9.21 b.  
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(a)  (b) 
Concrete  
chip off 
 
Figure 9.21 (a) Concrete joiner bonded with concrete slab 
(b) Concrete joiner bonded with concrete slab and concrete chip off at the bottom edge 
of the concrete slab 
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From the numerical models is shown in Figures 9.21a and 9.21b, the numerical model 
results are and shown in Figures 9.22 and 9.23 respectively. From Figures 9.21a and 
9.22, it can be seen that the concrete slab was lifted up and the sharp edge bottom of the 
concrete slab would create a stepping displacement. However, from the Figures 9.21b 
and 9.23, if the concrete slab at the sharp edge bottom chips off, the stepping 
displacement values were lower. It should be mentioned that the loads applied on the 
concrete slab would not create any significant stepping displacement at the joint.  
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Figure 9.22 Concrete joiner bonded with concrete slab 
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Figure 9.23 Concrete joiner bonded with concrete slab and concrete chip off at the 
bottom edge of concrete slab 
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Figure 9.24 shows the average stepping displacement of different loads applied on the 
concrete slab versus the concrete slab lifting from ground. The numerical analysis 
shows the stepping displacement results were very similar at different load applied on 
the concrete slab. It makes more sense simply and easy to look at the average stepping 
displacement of different loads applied on concrete slab results compared amongst 
concrete joiners either bonded or unbonded. The notation of FEM 1 is numerical model 
for the concrete joiner without bonding to the concrete slab as discussed earlier. 
However, FEM 2 is the numerical model for the concrete joiner with a side of the joiner 
bonded to the concrete slab. FEM 3 is the same as FEM 2 expect for a concrete chip 
taken off at the bottom sharp edge of the concrete slab. 
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Figure 9.24 FEM results 
 
 
9.6 Comparison between Numerical Models and Laboratory Results 
The three numerical model results are compared to a laboratory study performed in the 
Heavy Structures Laboratory, RMIT University as shown in Figure 9.25. The stepping 
displacement of concrete slabs is plotted with x-axis representing the concrete slabs 
lifting from the ground (vertical displacement). For example, 0.55 mm stepping 
displacement was analyzed when the concrete slab was pushed up to 10mm. The point 
was plotted 0.55 mm at Y-axis and 10 mm at X-axis.  
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From Figure 9.25 stepping displacement – vertical displacement response, it is clear that 
the initial portion of the stepping displacement – vertical displacement curve is in close 
agreement with the experimental findings. In the experimental results, addition loads 
applied on the slab increased stepping displacement values and reduced service life. 
However, in the all three FEM results, the addition loads applied on the slab did not 
affect the values of stepping displacement.  
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Figure 9.25 Comparison between FEM results and laboratory tests 
 
 
9.7 Conclusions 
The consistency between the numerical analysis results and the results from the 
laboratory tests further validates the developed numerical model. Also, with this model 
it was possible to obtain better insight on the effects of different factors affecting 
stepping displacements of pedestrian concrete pavements. From the results obtained 
from the FE analyses and experimental tests, the maximum stepping displacement was 
observed to be between 0.45 mm and 3.35 mm which is less than allowable stepping 
displacement of 5 mm. Compared to experimental tests, the FE models is more 
economic, faster and more capable of producing detailed local responses at any point in 
the pavement structure. 
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Shape and size optimisation (Xie and Steven 1997) is of critical importance to the 
success of concrete joiner. To save material and size optimisation, the concrete joiner is 
designed in the rhombus (diamond) shape. The concrete joiner is large and strong 
enough to lift the slabs without experiencing excessive deformation or rupture. The 
concrete joiner is a simple, low cost and effective solution to displacement problems in 
pedestrian concrete pavements, which are the cause of most tripping hazards. The 
concrete joiner helps eliminate unwanted, random cracking by completely segregating 
the slabs, providing a full depth, contraction and articulation joint. It has the potential to 
deliver substantial cost, environmental and safety benefits. 
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CHAPTER 10 : CONCLUSIONS AND RECOMMENDATIONS 
 
 
10.1 Introduction 
This study was intended to propose and prove various innovative joints for pedestrian 
concrete pavements including the CFRP dowels, shear connectors and proposed 
innovative joiners to resist vertical shear forces and control differential vertical 
movement, thus reducing the potential for joint damage and serviceability problems 
such as tripping hazards. Extensive experiments and numerical model analyses have 
been performed in this study. The conclusions presented at the end of each chapter 
relate to the different phases of the study. Concluding overall remarks and 
recommendations resulting from this investigation are presented in this chapter. 
 
 
10.2 Conclusions 
Based on the extensive experiment tests and numerical models on the CFRP dowels, the 
shear connectors and the proposed innovative joiners as innovative control joints, the 
following conclusions can be drawn: 
 
10.2.1 CFRP Dowels 
The beahviour of CFRP dowels investigation has shown that CFRP dowels could 
reduce stepping displacement / vertical movement and do transfer sufficient load to an 
adjacent slab. However, the dowels are too stiff and should not to be used for pedestrian 
concrete pavements of thickness 75 mm or less. From the experimental observation, the 
CFRP dowels have too high stiffness. The CFRP dowel offers the highest tensile 
strength to weight ratio and corrosive resistance unmatched by steel dowels.  
 
10.2.2 Shear Connectors 
Shear connectors are new type of control joint set into position prior to pouring the 
concrete and separates the pedestrian concrete pavement into a series of linked slabs. 
Shear connector act as a hinge that allows concrete to articulate, controlling 
displacement caused by trees or soil movement, eliminating trip hazards. Shear 
connectors deliver substantial cost, safety and environmental benefits.  
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A comprehensive series of tests was conducted on the two shear connectors i.e. EPDM 
rubber joiners and PVC joiners under various loading conditions. The maximum 
stepping displacement of all tests of EPDM rubber joiners and PVC joiners were 5.82 
mm and 2.49 mm which both was recorded in the worst scenario load case of one slab 
being jacked up at a corner while a concentrated load being applied next to it on the 
adjoining slab. The maximum creep displacement of EPDM rubber joiner measured 
over the period of 12 weeks was 0.64 mm. It seemed that the creep would continue to 
increase for a long time, albeit by a small amount. However, the maximum creep 
displacement of PVC joiner measured over the period of 9 weeks was 0.21 mm. After 
about 8 weeks, a steady state was reached (i.e. the creep stopped).  
 
The test results clearly demonstrate that the PVC joiners are superior to EPDM rubber 
joiners and the PVC joiners satisfy the performance criterion of 5 mm maximum 
allowable stepping displacement as specified in AS 3727.  
 
10.2.3 Proposed Joiners 
To ensure that pedestrian concrete pavement joints perform properly in service and 
require less maintenance, it is necessary to employ the innovative and appropriate 
construction techniques such as proposed joiners as innovative control joints. The 
proposed joiners are effective in significantly reducing stepping displacements between 
adjoining slabs in pedestrian concrete pavements. 
 
Four tests were conducted on proposed innovative joiners. From the results obtained 
from the experiments tests, the maximum stepping displacement was observed to be 
2.91 mm for the aluminium joiner, 1.02 mm for the crack inducer joiner 0.95 mm for 
the modified crack inducer joiner and 1.68 mm for the concrete joiner which was less 
than allowable stepping displacement of 5 mm.  
 
The stress at the angle of the aluminium as joiner is very high and indicated a crack at 
the edge of aluminium joiner. The proposed joiners should not be too rigid or too soft. If 
the joiner is too rigid it would cause high stresses between the joiner and concrete. If the 
joiner is too soft, the total stepping displacement (including creep) could exceed the 
allowable limit. 
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10.2.4 Numerical Models 
In this study, numerical models of shear connectors / proposed innovative joiners 
jointed concrete pavements were included detailed 3D modelling of shear connectors / 
proposed innovative joiners and their interfaces with concrete. The selection of the 
element size in the FE mesh should compromise between the accuracy of the results and 
the solution time. Since the coarser the mesh the lower the accuracy of the results 
obtained and the finer the mesh the longer the solution time. 
 
Numerical models can be used to predict the interaction between the shear connectors / 
proposed innovative joiners and the concrete slabs. Also, the numerical models can be 
used to predict the stepping displacement. These numerical models will be a useful 
design tool capable of determining the optimal shape and size of the shear connectors / 
proposed innovative joiners for pedestrian concrete pavements of any thickness and 
loading conditions.  
 
As the numerical models are validated by laboratory tests used in the study, it may be 
said that the elements are well chosen for the modelling the system to carry out the 
response analyses of the shear connectors / proposed joiners.  
 
10.2.5 Concrete Joiner 
Among of all the joiners, the concrete joiner is a simple, cheapest and effective solution 
of pavement service life and serviceability problems such as tripping hazards. The 
concrete joiner was placed before pouring the concrete to form a unique articulation 
joint that stops slab displacement.  
 
From the experimental observation, the maximum stepping displacement was 3.32 mm. 
However, from the Pre and Post FE models analyses, the maximum stepping were 3.35 
mm and 1.70 mm respectively. The concrete joiner could helps eliminate unwanted, 
random cracking by completely segregating the slabs, providing a full depth, 
contraction and articulation joint. The concrete joiner will deliver substantial cost, 
environmental and safety benefits.  
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10.3 Recommendations for Future Research 
a. In this study, only 75 mm thickness of pedestrian concrete pavements has been 
studied. Therefore, it is essential that different thicknesses of pedestrian concrete 
pavements are also studied. The optimal shape and size of the shear connectors and 
proposed innovative joiners would very depending on the slab thickness and loading 
conditions.  
 
b. Apart from investigating the suitability of the shear connectors, the proposed 
innovative joiners and the improved concrete joiner for pedestrian concrete pavements, 
various possibilities of using the same idea for other applications, such as airport run-
ways can be explored. 
 
c. In this study, only plain concrete is considered, experimental tests and numerical 
models are needed to further investigate the effects of the use of steel reinforced in the 
pedestrian concrete pavements. 
 
d. Other materials which have smooth and strong surface should be investigated 
for their potential use as shear connectors or proposed innovative joiners. There are 
presently many materials which are being produced in the Australia and some may have 
a better shear resistance than the shear connectors and proposed innovative joiners 
which have been tested in this study. 
 
e. A rigorous long term research programme in-situ is required to study the time 
dependent behaviour of shear connectors, proposed innovative joiners and the improved 
concrete joiner. Additional research work is needed to measure the UV radiation of the 
shear connecters and proposed innovative joiners. The dynamic analysis of joiners 
should also be given due attention. 
 
f. The work presented on this study has not considered the factors such as moisture 
variations and post cracking behaviour. Therefore, additional research work is needed to 
investigate these effects on the response of shear connectors and proposed innovative 
joiners in concrete pavements. 
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g. For improved numerical analysis, a detailed constitutive model is needed for the 
shear connector, the proposed innovative joiners, the improved concrete joiners and 
concrete pavements that should account for the environmental changes, moisture 
variations, shrinkage, material nonlinearity, as well as the post cracking behaviour. 
Such a model will enable a more accurate prediction of stepping displacement in 
concrete pavements. 
 
h. For the proposed innovative joiners and the improved concrete joiner, the 
applied loading was distributed across a whole slab due to limitation of the testing 
frame shown in Figure 4.11. In AS 3727, the specified loading of 2 kN could be a 
concentrated load. It is recommended that the concentrated load need to be investigated 
using the full scale testing frame as shown in Figure 5.23. 
 
i. Additional research work is needed to measure the bonding forces between the 
shear connectors / the proposed innovative joiners / the concrete joiner and the 
surrounding concrete and identify means to reduce or eliminate such forces. 
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Appendix B1 Results of the creep displacement test for EPDM rubber joiner 
 
  Creep Displacement (mm) - refer to Figure 1 for the locations of G1 to G10 
Date Day (s) G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G3-G5 G9-G10 G4-G6 
10-12-03 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11-12-03 1 0.07 0.08 0.11 0.09 0.03 0.01 0.00 0.05 0.12 0.04 0.08 0.08 0.08 
12-12-03 2 0.11 0.12 0.16 0.14 0.03 0.03 0.01 0.07 0.13 0.04 0.13 0.10 0.11 
13-12-03 3 0.11 0.14 0.18 0.14 0.04 0.03 0.01 0.08 0.16 0.04 0.14 0.12 0.11 
14-12-03 4 0.13 0.16 0.21 0.18 0.05 0.05 0.01 0.09 0.18 0.05 0.16 0.14 0.13 
15-12-03 5 0.14 0.17 0.22 0.20 0.05 0.05 0.01 0.10 0.20 0.06 0.17 0.14 0.15 
16-12-03 6 0.13 0.15 0.27 0.26 0.11 0.10 0.01 0.12 0.27 0.11 0.17 0.16 0.16 
17-12-03 7 (1st Wk) 0.14 0.17 0.27 0.29 0.11 0.12 0.01 0.13 0.27 0.12 0.16 0.14 0.18 
18-12-03 8 0.16 0.18 0.26 0.25 0.11 0.11 0.01 0.13 0.27 0.12 0.15 0.15 0.14 
19-12-03 9 0.16 0.19 0.27 0.25 0.11 0.11 0.01 0.13 0.27 0.12 0.16 0.15 0.14 
20-12-03 10 0.17 0.20 0.27 0.25 0.11 0.11 0.01 0.13 0.27 0.12 0.17 0.15 0.13 
21-12-03 11 0.18 0.21 0.28 0.26 0.11 0.12 0.01 0.14 0.27 0.10 0.17 0.17 0.15 
22-12-03 12 0.18 0.21 0.28 0.25 0.11 0.11 0.01 0.14 0.27 0.10 0.17 0.17 0.14 
23-12-03 13 0.19 0.23 0.31 0.29 0.11 0.11 0.01 0.14 0.30 0.10 0.20 0.19 0.18 
24-12-03 14 (2ndWk) - - 0.31 0.30 0.11 0.11 - - - - 0.20   0.19 
25-12-03 15 - - 0.31 0.30 0.12 0.11 - - - - 0.19   0.19 
26-12-03 16 - - 0.32 0.31 0.11 0.11 - - - - 0.20   0.20 
27-12-03 17 - - 0.34 0.33 0.12 0.11 - - - - 0.21   0.22 
28-12-03 18 - - 0.34 0.34 0.13 0.11 - - - - 0.22   0.23 
29-12-03 19 - - 0.36 0.37 0.13 0.11 - - - - 0.24   0.25 
30-12-03 20 0.21 0.24 0.38 0.39 0.13 0.11 0.01 0.18 0.39 0.12 0.25 0.27 0.27 
31-12-03 21 (3rdWk) 0.21 0.24 0.38 0.38 0.13 0.11 0.02 0.18 0.39 0.12 0.25 0.27 0.27 
01-01-04 22 0.21 0.26 0.39 0.38 0.13 0.11 0.02 0.18 0.40 0.13 0.26 0.27 0.28 
02-01-04 23 0.22 0.26 0.39 0.39 0.13 0.11 0.02 0.18 0.40 0.13 0.26 0.27 0.27 
03-01-04 24 0.22 0.26 0.38 0.39 0.13 0.11 0.02 0.18 0.40 0.13 0.26 0.27 0.27 
04-01-04 25 0.22 0.27 0.39 0.39 0.13 0.11 0.02 0.18 0.41 0.13 0.26 0.28 0.28 
05-01-04 26 0.23 0.27 0.38 0.39 0.12 0.11 0.02 0.18 0.41 0.13 0.26 0.28 0.29 
06-01-04 27 0.24 0.29 0.40 0.42 0.12 0.11 0.02 0.19 0.43 0.13 0.28 0.30 0.31 
07-01-04 28 (4thWk) 0.25 0.30 0.41 0.42 0.12 0.11 0.02 0.19 0.43 0.13 0.29 0.30 0.31 
                
Date Day (s) G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G3-G5 G9-G10 G4-G6 
08-01-04 29 0.25 0.31 0.43 0.46 0.12 0.11 0.02 0.19 0.46 0.13 0.31 0.33 0.35 
09-01-04 30 0.26 0.31 0.45 0.49 0.12 0.11 0.03 0.20 0.49 0.13 0.33 0.36 0.38 
10-01-04 31 0.26 0.31 0.48 0.52 0.13 0.11 0.03 0.20 0.50 0.13 0.35 0.38 0.40 
11-01-04 32 0.26 0.31 0.47 0.50 0.13 0.11 0.03 0.20 0.49 0.13 0.34 0.37 0.38 
12-01-04 33 0.26 0.32 0.49 0.50 0.13 0.11 0.03 0.20 0.52 0.13 0.36 0.38 0.39 
13-01-04 34 0.27 0.32 0.51 0.53 0.13 0.11 0.03 0.21 0.53 0.13 0.38 0.39 0.41 
14-01-04 35 (5thWk) 0.27 0.33 0.49 0.50 0.13 0.11 0.03 0.21 0.51 0.13 0.36 0.38 0.39 
15-01-04 36 0.27 0.33 0.51 0.52 0.13 0.11 0.03 0.21 0.52 0.13 0.38 0.39 0.41 
16-01-04 37 0.27 0.33 0.51 0.53 0.13 0.11 0.03 0.21 0.52 0.13 0.38 0.39 0.42 
17-01-04 38 - - 0.49 0.52 0.12 0.11 - - - - 0.37   0.41 
18-01-04 39 - - 0.50 0.51 0.13 0.10 - - - - 0.37   0.40 
19-01-04 40 - - 0.51 0.53 0.12 0.10 - - - - 0.39   0.42 
20-01-04 41 - - 0.55 0.60 0.13 0.12 - - - - 0.43   0.48 
21-01-04 42 (6thWk) - - 0.59 0.61 0.13 0.12 - - - - 0.45   0.50 
22-01-04 43 - - 0.59 0.62 0.13 0.12 - - - - 0.46   0.50 
23-01-04 44 - - 0.57 0.61 0.13 0.12 - - - - 0.44   0.49 
24-01-04 45 - - 0.58 0.61 0.13 0.11 - - - - 0.45   0.50 
25-01-04 46 - - 0.58 0.61 0.12 0.11 - - - - 0.46   0.50 
26-01-04 47 - - 0.59 0.61 0.13 0.11 - - - - 0.45   0.50 
27-01-04 48 - - 0.59 0.61 0.12 0.12 - - - - 0.47   0.49 
28-01-04 49 (7thWk) - - 0.58 0.61 0.12 0.12 - - - - 0.46   0.49 
29-01-04 50 - - 0.58 0.61 0.12 0.12 - - - - 0.46   0.49 
30-01-04 51 - - 0.59 0.61 0.12 0.12 - - - - 0.47   0.49 
31-01-04 52 - - 0.59 0.61 0.13 0.11 - - - - 0.46   0.50 
01-02-04 53 - - 0.59 0.60 0.13 0.12 - - - - 0.46   0.49 
02-02-04 54 - - 0.58 0.59 0.13 0.10 - - - - 0.45   0.49 
03-02-04 55 - - 0.60 0.59 0.13 0.10 - - - - 0.47   0.49 
04-02-04 56 (8thWk) - - 0.58 0.60 0.13 0.10 - - - - 0.46   0.50 
05-02-04 57 - - 0.59 0.61 0.13 0.10 - - - - 0.46   0.51 
06-02-04 58 - - 0.61 0.64 0.14 0.11 - - - - 0.48   0.53 
07-02-04 59 - - 0.61 0.65 0.14 0.11 - - - - 0.47   0.54 
08-02-04 60 - - 0.61 0.63 0.14 0.11 - - - - 0.47   0.53 
Date Day (s) G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G3-G5 G9-G10 G4-G6 
09-02-04 61 - - 0.64 0.66 0.15 0.11 - - - - 0.49   0.54 
10-02-04 62 - - 0.61 0.65 0.14 0.11 - - - - 0.48   0.54 
11-02-04 63 (9thWk) - - 0.62 0.65 0.13 0.11 - - - - 0.49   0.54 
12-02-04 64 - - 0.62 0.64 0.13 0.11 - - - - 0.49   0.53 
13-02-04 65 - - 0.63 0.66 0.14 0.11 - - - - 0.50   0.55 
14-02-04 66 - - 0.62 0.64 0.14 0.11 - - - - 0.48   0.53 
15-02-04 67 - - 0.63 0.66 0.14 0.11 - - - - 0.49   0.55 
16-02-04 68 0.32 0.40 0.63 0.66 0.14 0.12 0.03 0.22 0.66 0.18 0.49 0.48 0.54 
17-02-04 69 0.32 0.40 0.62 0.65 0.14 0.11 0.03 0.22 0.67 0.18 0.48 0.49 0.53 
18-02-04 70 (10thWk) 0.32 0.40 0.64 0.66 0.14 0.12 0.03 0.22 0.67 0.18 0.49 0.49 0.54 
19-02-04 71 0.32 0.40 0.64 0.67 0.15 0.12 0.03 0.23 0.69 0.19 0.49 0.50 0.55 
20-02-04 72 0.32 0.41 0.68 0.73 0.15 0.11 0.03 0.23 0.73 0.20 0.53 0.53 0.61 
21-02-04 73 0.32 0.41 0.67 0.71 0.15 0.11 0.03 0.23 0.71 0.19 0.52 0.52 0.60 
22-02-04 74 0.33 0.41 0.67 0.71 0.15 0.12 0.03 0.23 0.72 0.19 0.52 0.53 0.59 
23-02-04 75 0.33 0.42 0.68 0.73 0.16 0.13 0.03 0.23 0.73 0.20 0.53 0.53 0.60 
24-02-04 76 0.33 0.42 0.71 0.75 0.16 0.13 0.03 0.24 0.75 0.19 0.55 0.56 0.62 
25-02-04 77 (11thWk) 0.33 0.42 0.71 0.75 0.16 0.13 0.03 0.23 0.76 0.20 0.55 0.56 0.62 
26-02-04 78 0.33 0.42 0.71 0.75 0.16 0.13 0.03 0.23 0.76 0.20 0.55 0.56 0.62 
27-02-04 79 0.33 0.42 0.70 0.75 0.16 0.13 0.03 0.24 0.75 0.20 0.54 0.55 0.62 
28-02-04 80 0.33 0.42 0.71 0.75 0.16 0.13 0.03 0.24 0.76 0.20 0.55 0.55 0.62 
29-02-04 81 0.33 0.43 0.73 0.77 0.16 0.13 0.03 0.24 0.77 0.20 0.57 0.57 0.64 
01-03-04 82 0.34 0.43 0.71 0.75 0.16 0.13 0.03 0.24 0.78 0.20 0.55 0.57 0.62 
02-03-04 83 0.34 0.44 0.72 0.76 0.16 0.13 0.04 0.25 0.79 0.21 0.56 0.58 0.63 
03-03-04 84 (12thWk) 0.34 0.44 0.72 0.77 0.16 0.13 0.04 0.25 0.80 0.21 0.56 0.58 0.63 
 
 
 
 
 
 
 
 
Appendix B2 Results of the creep displacement test for PVC joiner 
 
  Creep Displacement (mm) - refer to Figure 1 for the locations of G1 to G10 
Date Day (s) G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G3-G5 G9-G10 G4-G6 
24/02/05 0 0.00 0.00 0.05 0.07 0.04 0.03 0.00 0.00 0.02 0.02 0.01 0.00 0.04 
25/02/05 1 0.02 0.09 0.05 0.15 0.04 0.06 0.02 0.08 0.08 0.05 0.01 0.03 0.09 
26/02/05 2 0.03 0.12 0.02 0.14 0.02 0.10 0.03 0.08 0.12 0.06 0.00 0.06 0.04 
27/02/05 3 0.04 0.15 0.04 0.18 0.03 0.10 0.04 0.07 0.15 0.06 0.01 0.09 0.08 
28/02/05 4 0.06 0.19 0.05 0.22 0.03 0.10 0.05 0.07 0.19 0.08 0.02 0.11 0.12 
01/03/05 5 0.05 0.06 0.09 0.25 0.05 0.12 0.07 0.07 0.22 0.11 0.04 0.11 0.13 
02/03/05 6 0.06 0.12 0.07 0.31 0.02 0.15 0.08 0.07 0.23 0.09 0.05 0.14 0.16 
03/03/05 7 (1st Wk) 0.07 0.12 0.04 0.31 0.02 0.18 0.08 0.07 0.22 0.09 0.02 0.13 0.13 
04/03/05 8 0.07 0.12 0.06 0.31 0.03 0.18 0.09 0.07 0.22 0.09 0.03 0.13 0.13 
05/03/05 9 0.08 0.13 0.05 0.33 0.03 0.18 0.09 0.07 0.23 0.09 0.02 0.14 0.15 
06/03/05 10 0.08 0.13 0.07 0.33 0.02 0.17 0.09 0.07 0.23 0.09 0.05 0.14 0.16 
07/03/05 11 0.08 0.13 0.07 0.34 0.03 0.17 0.10 0.07 0.25 0.10 0.04 0.15 0.17 
08/03/05 12 0.09 0.13 0.07 0.36 0.03 0.18 0.10 0.07 0.26 0.11 0.04 0.15 0.18 
09/03/05 13 0.09 0.13 0.06 0.34 0.03 0.17 0.10 0.07 0.26 0.11 0.03 0.15 0.17 
10/03/05 14 (2ndWk) 0.09 0.13 0.09 0.35 0.04 0.18 0.10 0.07 0.27 0.12 0.05 0.15 0.17 
11/03/05 15 0.09 0.13 0.11 0.35 0.05 0.17 0.10 0.07 0.27 0.13 0.06 0.14 0.18 
12/03/05 16 0.10 0.13 0.10 0.36 0.04 0.18 0.10 0.07 0.28 0.13 0.06 0.15 0.18 
13/03/05 17 0.10 0.13 0.11 0.38 0.03 0.19 0.11 0.07 0.30 0.13 0.08 0.17 0.19 
14/03/05 18 0.10 0.13 0.11 0.37 0.03 0.18 0.11 0.07 0.29 0.13 0.08 0.16 0.19 
15/03/05 19 0.10 0.13 0.11 0.38 0.04 0.19 0.11 0.07 0.29 0.13 0.07 0.16 0.19 
16/03/05 20 0.10 0.13 0.12 0.36 0.04 0.18 0.11 0.06 0.29 0.12 0.08 0.17 0.18 
17/03/05 21 (3rdWk) 0.10 0.14 0.13 0.37 0.04 0.18 0.11 0.06 0.30 0.13 0.09 0.17 0.19 
18/03/05 22 0.10 0.15 0.15 0.39 0.05 0.19 0.11 0.06 0.31 0.13 0.10 0.18 0.20 
19/03/05 23 0.10 0.15 0.15 0.38 0.05 0.19 0.11 0.06 0.30 0.13 0.10 0.17 0.19 
20/03/05 24 0.11 0.15 0.16 0.41 0.06 0.20 0.11 0.06 0.32 0.14 0.10 0.18 0.21 
21/03/05 25 0.11 0.15 0.16 0.40 0.06 0.20 0.11 0.06 0.32 0.14 0.10 0.18 0.20 
22/03/05 26 0.11 0.15 0.16 0.42 0.06 0.21 0.12 0.06 0.33 0.14 0.10 0.19 0.21 
23/03/05 27 0.11 0.15 0.16 0.42 0.06 0.21 0.12 0.05 0.33 0.14 0.10 0.19 0.21 
24/03/05 28 (4thWk) 0.11 0.15 0.16 0.41 0.06 0.21 0.12 0.05 0.33 0.14 0.10 0.19 0.20 
24/03/05 28 (4thWk) 0.10 0.35 0.12 0.56 0.02 0.37 0.12 0.05 0.26 0.07 0.10 0.19 0.19 
Date Day (s) G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G3-G5 G9-G10 G4-G6 
25/03/05 29 0.10 0.35 0.19 0.50 0.07 0.41 0.13 0.05 0.22 0.10 0.12 0.12 0.09 
26/03/05 30 0.10 0.35 0.18 0.49 0.06 0.43 0.13 0.05 0.22 0.10 0.12 0.12 0.06 
27/03/05 31 0.10 0.35 0.17 0.52 0.02 0.41 0.14 0.06 0.24 0.09 0.15 0.15 0.11 
28/03/05 32 0.10 0.35 0.17 0.53 0.03 0.39 0.14 0.05 0.24 0.10 0.14 0.14 0.14 
29/03/05 33 0.10 0.35 0.15 0.54 0.01 0.36 0.14 0.04 0.25 0.09 0.14 0.16 0.18 
30/03/05 34 0.10 0.35 0.15 0.54 0.02 0.37 0.14 0.04 0.26 0.09 0.13 0.17 0.17 
31/03/05 35 (5thWk) 0.10 0.35 0.15 0.54 0.02 0.37 0.14 0.05 0.27 0.10 0.13 0.17 0.17 
01/04/05 36 0.10 0.35 0.14 0.55 0.03 0.38 0.15 0.05 0.27 0.10 0.11 0.17 0.17 
02/04/05 37 0.10 0.35 0.12 0.56 0.02 0.37 0.12 0.05 0.26 0.07 0.10 0.19 0.19 
03/04/05 38 0.10 0.35 0.16 0.56 0.05 0.40 0.15 0.05 0.28 0.09 0.11 0.19 0.16 
04/04/05 39 0.10 0.35 0.17 0.57 0.05 0.40 0.15 0.05 0.29 0.11 0.12 0.18 0.17 
05/04/05 40 0.10 0.35 0.16 0.57 0.06 0.39 0.15 0.04 0.28 0.11 0.10 0.17 0.18 
06/04/05 41 0.10 0.35 0.16 0.57 0.05 0.38 0.15 0.04 0.29 0.10 0.11 0.19 0.19 
07/04/05 42 (6thWk) 0.10 0.35 0.15 0.56 0.05 0.37 0.15 0.04 0.27 0.09 0.10 0.18 0.19 
08/04/05 43 0.11 0.35 0.16 0.55 0.05 0.36 0.15 0.04 0.27 0.08 0.11 0.19 0.19 
09/04/05 44 0.10 0.35 0.16 0.54 0.05 0.36 0.16 0.04 0.27 0.09 0.11 0.18 0.18 
10/04/05 45 0.10 0.35 0.15 0.53 0.04 0.36 0.16 0.04 0.27 0.10 0.11 0.17 0.17 
11/04/05 46 0.10 0.35 0.14 0.55 0.04 0.37 0.16 0.04 0.26 0.08 0.10 0.18 0.18 
12/04/05 47 0.10 0.35 0.15 0.55 0.04 0.37 0.16 0.04 0.26 0.08 0.11 0.18 0.18 
13/04/05 48 0.10 0.35 0.15 0.56 0.04 0.36 0.16 0.04 0.27 0.08 0.11 0.19 0.20 
14/04/05 49 (7thWk) 0.10 0.35 0.15 0.55 0.05 0.36 0.16 0.04 0.27 0.09 0.10 0.18 0.19 
15/04/05 50 0.10 0.35 0.16 0.56 0.04 0.36 0.16 0.04 0.28 0.09 0.12 0.19 0.20 
16/04/05 51 0.10 0.35 0.17 0.56 0.04 0.35 0.16 0.04 0.28 0.08 0.13 0.20 0.21 
17/04/05 52 0.10 0.35 0.16 0.55 0.04 0.35 0.16 0.04 0.28 0.09 0.12 0.19 0.20 
18/04/05 53 0.10 0.35 0.16 0.55 0.04 0.35 0.16 0.04 0.28 0.09 0.12 0.19 0.20 
19/04/05 54 0.10 0.35 0.16 0.55 0.04 0.35 0.16 0.04 0.28 0.09 0.12 0.19 0.20 
20/04/05 55 0.10 0.35 0.16 0.55 0.04 0.35 0.16 0.04 0.28 0.09 0.12 0.19 0.20 
21/04/05 56 (8thWk) 0.10 0.35 0.16 0.55 0.04 0.35 0.16 0.04 0.28 0.09 0.12 0.19 0.20 
22/04/05 57 0.10 0.35 0.17 0.55 0.04 0.35 0.16 0.04 0.28 0.08 0.13 0.20 0.20 
23/04/05 58 0.10 0.35 0.17 0.55 0.04 0.35 0.16 0.04 0.28 0.09 0.13 0.19 0.20 
24/04/05 59 0.10 0.35 0.17 0.55 0.04 0.35 0.16 0.04 0.28 0.09 0.13 0.19 0.20 
25/04/05 60 0.10 0.35 0.17 0.55 0.04 0.35 0.16 0.04 0.28 0.09 0.13 0.19 0.20 
Date Day (s) G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G3-G5 G9-G10 G4-G6 
26/04/05 61 0.10 0.35 0.16 0.55 0.04 0.35 0.16 0.04 0.27 0.09 0.12 0.18 0.20 
27/04/05 62 0.10 0.35 0.17 0.55 0.04 0.35 0.16 0.04 0.28 0.09 0.13 0.19 0.20 
28/04/05 63 (9thWk) 0.10 0.35 0.17 0.55 0.04 0.35 0.16 0.04 0.28 0.09 0.13 0.19 0.20 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C1 Results of the creep displacement test for aluminium joiner 
 
  Creep Displacement (mm) - refer to Figure 1 for the locations of G1 to G10 
Date Day (s) G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G3-G5 BG9-BG10 G4-G6 
28/07/04 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
29/07/04 1 0.00 0.01 0.05 0.07 0.06 0.07 0.03 0.03 0.03 0.04 0.02 0.01 0.01 
30/07/04 2 0.00 0.01 0.08 0.10 0.10 0.10 0.01 0.02 0.05 0.06 0.02 0.01 0.00 
31/07/04 3 0.00 0.00 0.11 0.13 0.13 0.14 0.00 0.00 0.07 0.08 0.02 0.01 0.01 
01/08/04 4 0.00 0.00 0.13 0.15 0.15 0.16 0.00 -0.01 0.09 0.11 0.02 0.02 0.01 
02/08/04 5 0.00 0.00 0.14 0.16 0.16 0.17 0.01 0.01 0.10 0.11 0.02 0.01 0.01 
03/08/04 6 0.00 0.00 0.14 0.16 0.16 0.17 0.01 0.00 0.10 0.12 0.02 0.02 0.01 
04/08/04 7 (1st Wk) 0.00 0.00 0.15 0.17 0.17 0.17 0.01 0.01 0.11 0.12 0.02 0.01 0.00 
05/08/04 8 0.00 0.00 0.15 0.17 0.17 0.18 0.03 0.23 0.11 0.12 0.02 0.01 0.01 
06/08/04 9 0.00 0.00 0.15 0.17 0.18 0.19 0.02 0.01 0.10 0.12 0.02 0.02 0.01 
07/08/04 10 0.00 0.00 0.15 0.18 0.18 0.19 0.03 0.12 0.11 0.12 0.03 0.01 0.01 
08/08/04 11 0.00 0.00 0.15 0.18 0.18 0.19 0.02 0.01 0.11 0.12 0.03 0.01 0.01 
09/08/04 12 0.00 0.00 0.16 0.18 0.19 0.19 0.01 -0.01 0.11 0.13 0.02 0.02 0.00 
10/08/04 13 0.00 0.00 0.17 0.19 0.20 0.21 0.00 -0.01 0.12 0.13 0.02 0.01 0.01 
11/08/04 14 (2ndWk) 0.00 0.00 0.17 0.19 0.20 0.21 0.00 -0.02 0.12 0.14 0.02 0.02 0.01 
12/08/04 15 0.00 0.00 0.18 0.21 0.21 0.22 -0.01 -0.03 0.13 0.14 0.03 0.01 0.01 
13/08/04 16 0.00 0.00 0.19 0.22 0.23 0.23 -0.01 -0.03 0.13 0.14 0.03 0.01 0.00 
14/08/04 17 0.00 0.00 0.19 0.22 0.22 0.22 -0.01 -0.03 0.13 0.14 0.03 0.01 0.00 
15/08/04 18 0.00 0.00 0.19 0.22 0.22 0.23 -0.03 -0.05 0.15 0.16 0.03 0.01 0.01 
16/08/04 19 0.00 0.00 0.21 0.23 0.23 0.24 -0.03 -0.05 0.15 0.16 0.02 0.01 0.01 
17/08/04 20 0.00 0.00 0.21 0.23 0.24 0.25 -0.04 -0.07 0.15 0.16 0.02 0.01 0.01 
18/08/04 21 (3rdWk) 0.00 0.00 0.21 0.23 0.24 0.25 -0.04 -0.06 0.15 0.16 0.02 0.01 0.01 
19/08/04 22 0.00 0.00 0.21 0.23 0.25 0.26 -0.06 -0.09 0.15 0.16 0.02 0.01 0.01 
20/08/04 23 0.00 0.00 0.22 0.25 0.27 0.28 -0.07 -0.09 0.14 0.16 0.03 0.02 0.01 
21/08/04 24 0.00 0.00 0.22 0.25 0.27 0.28 -0.07 -0.10 0.15 0.17 0.03 0.02 0.01 
22/08/04 25 0.00 0.00 0.21 0.24 0.27 0.28 -0.07 -0.10 0.15 0.16 0.03 0.01 0.01 
23/08/04 26 0.00 0.00 0.22 0.24 0.26 0.27 -0.07 -0.11 0.14 0.15 0.02 0.01 0.01 
24/08/04 27 0.00 0.00 0.22 0.25 0.27 0.29 -0.09 -0.13 0.14 0.16 0.03 0.02 0.02 
25/08/04 28 (4thWk) 0.00 0.00 0.22 0.24 0.26 0.27 -0.11 -0.14 0.15 0.17 0.02 0.02 0.01 
                
Appendix C2 Results of the creep displacement test for crack inducer strip 
 
  Creep Displacement (mm) - refer to Figure 1 for the locations of G1 to G10 
Date Day (s) G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G3-G5 BG9-BG10 G4-G6 
01/10/04 0 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.02 0.02 0.00 0.00 0.01 
02/10/04 1 0.00 0.00 0.05 0.07 0.03 0.05 0.02 0.02 0.03 0.03 0.02 0.00 0.02 
03/10/04 2 0.00 0.00 0.06 0.09 0.04 0.06 0.03 0.03 0.05 0.05 0.03 0.00 0.02 
04/10/04 3 0.00 0.00 0.09 0.11 0.05 0.08 0.07 0.07 0.06 0.07 0.02 0.01 0.03 
05/10/04 4 0.01 0.01 0.09 0.13 0.06 0.09 0.08 0.08 0.06 0.08 0.04 0.02 0.03 
06/10/04 5 0.00 0.00 0.09 0.13 0.06 0.09 0.08 0.08 0.07 0.08 0.04 0.01 0.03 
07/10/04 6 0.00 0.00 0.12 0.16 0.07 0.11 0.10 0.10 0.08 0.10 0.04 0.02 0.04 
08/10/04 7 (1st Wk) 0.01 0.01 0.12 0.17 0.07 0.12 0.09 0.10 0.09 0.11 0.05 0.02 0.05 
09/10/04 8 0.00 0.00 0.14 0.18 0.08 0.12 0.12 0.14 0.09 0.11 0.04 0.02 0.04 
10/10/04 9 0.00 0.00 0.14 0.19 0.07 0.12 0.13 0.14 0.09 0.11 0.05 0.02 0.05 
11/10/04 10 0.00 0.01 0.14 0.20 0.08 0.13 0.13 0.14 0.09 0.12 0.06 0.03 0.05 
12/10/04 11 0.01 0.00 0.15 0.22 0.09 0.14 0.14 0.13 0.10 0.13 0.07 0.03 0.05 
13/10/04 12 0.02 0.01 0.16 0.23 0.10 0.15 0.15 0.14 0.11 0.14 0.07 0.03 0.05 
14/10/04 13 0.03 0.02 0.16 0.23 0.10 0.16 0.13 0.14 0.11 0.14 0.07 0.03 0.06 
15/10/04 14 (2ndWk) 0.04 0.03 0.18 0.25 0.11 0.17 0.12 0.14 0.13 0.16 0.07 0.03 0.06 
16/10/04 15 0.04 0.03 0.20 0.28 0.13 0.19 0.13 0.14 0.13 0.17 0.08 0.04 0.06 
17/10/04 16 0.04 0.04 0.20 0.28 0.13 0.19 0.13 0.15 0.14 0.18 0.08 0.04 0.06 
18/10/04 17 0.04 0.04 0.21 0.28 0.13 0.19 0.14 0.15 0.14 0.18 0.07 0.04 0.06 
19/10/04 18 0.05 0.04 0.21 0.29 0.13 0.19 0.14 0.16 0.14 0.18 0.08 0.04 0.06 
20/10/04 19 0.05 0.04 0.21 0.29 0.13 0.19 0.13 0.15 0.14 0.18 0.08 0.04 0.06 
21/10/04 20 0.05 0.04 0.22 0.31 0.14 0.21 0.13 0.16 0.14 0.19 0.09 0.05 0.07 
22/10/04 21 (3rdWk) 0.06 0.05 0.21 0.30 0.13 0.19 0.14 0.17 0.14 0.19 0.09 0.05 0.06 
23/10/04 22 0.06 0.05 0.20 0.28 0.13 0.18 0.15 0.17 0.14 0.19 0.08 0.05 0.05 
24/10/04 23 0.06 0.05 0.21 0.29 0.13 0.19 0.15 0.17 0.14 0.19 0.08 0.05 0.06 
25/10/04 24 0.06 0.05 0.23 0.32 0.13 0.20 0.15 0.18 0.15 0.20 0.09 0.05 0.07 
26/10/04 25 0.07 0.05 0.23 0.32 0.13 0.21 0.14 0.16 0.15 0.20 0.09 0.05 0.08 
27/10/04 26 0.07 0.05 0.23 0.32 0.13 0.20 0.14 0.17 0.15 0.20 0.09 0.05 0.07 
28/10/04 27 0.08 0.06 0.23 0.32 0.13 0.21 0.14 0.17 0.15 0.20 0.09 0.05 0.08 
29/10/04 28 (4thWk) 0.08 0.06 0.23 0.32 0.14 0.22 0.13 0.16 0.16 0.21 0.09 0.05 0.08 
                
Appendix C3 Results of the creep displacement test for modified crack inducer strip 
 
  Creep Displacement (mm) - refer to Figure 1 for the locations of G1 to G10 
Date Day (s) G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G3-G5 G9-G10 G4-G6 
01/12/04 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
02/12/04 1 0.03 0.03 0.07 0.08 0.07 0.08 0.00 0.02 0.06 0.07 0.01 0.01 0.01 
03/12/04 2 0.02 0.02 0.11 0.12 0.11 0.13 0.01 0.02 0.06 0.08 0.01 0.02 0.02 
04/12/04 3 0.04 0.03 0.14 0.14 0.13 0.14 0.01 0.02 0.08 0.10 0.00 0.02 0.01 
05/12/04 4 0.06 0.03 0.14 0.15 0.14 0.14 0.01 0.02 0.10 0.10 0.01 0.00 0.00 
06/12/04 5 0.08 0.04 0.16 0.18 0.15 0.16 0.01 0.02 0.11 0.12 0.02 0.01 0.01 
07/12/04 6 0.10 0.06 0.15 0.16 0.15 0.16 0.02 0.04 0.11 0.12 0.01 0.01 0.01 
08/12/04 7 (1st Wk) 0.12 0.07 0.16 0.17 0.15 0.15 0.04 0.05 0.10 0.11 0.01 0.01 0.00 
09/12/04 8 0.14 0.90 0.16 0.17 0.15 0.15 0.05 0.07 0.10 0.11 0.01 0.01 0.00 
10/12/04 9 0.15 0.10 0.16 0.17 0.14 0.15 0.06 0.08 0.09 0.10 0.01 0.01 0.01 
11/12/04 10 0.16 0.10 0.16 0.17 0.15 0.15 0.60 0.08 0.09 0.10 0.01 0.01 0.00 
12/12/04 11 0.17 0.11 0.16 0.18 0.14 0.15 0.70 0.09 0.09 0.10 0.02 0.01 0.01 
13/12/04 12 0.17 0.12 0.16 0.17 0.15 0.15 0.08 0.09 0.09 0.10 0.01 0.01 0.00 
14/12/04 13 0.16 0.12 0.18 0.18 0.14 0.15 0.07 0.09 0.09 0.10 0.00 0.01 0.01 
15/12/04 14 (2ndWk) 0.15 0.12 0.19 0.19 0.15 0.17 0.05 0.07 0.09 0.11 0.00 0.02 0.02 
16/12/04 15 0.15 0.12 0.21 0.22 0.16 0.19 0.04 0.07 0.09 0.12 0.01 0.03 0.03 
17/12/04 16 0.14 0.11 0.22 0.23 0.16 0.19 0.04 0.06 0.12 0.14 0.01 0.02 0.03 
18/12/04 17 0.14 0.12 0.24 0.25 0.17 0.19 0.03 0.06 0.13 0.15 0.01 0.02 0.02 
19/12/04 18 0.14 0.12 0.25 0.26 0.18 0.20 0.03 0.05 0.14 0.16 0.01 0.02 0.02 
20/12/04 19 0.14 0.12 0.27 0.28 0.20 0.22 0.02 0.04 0.15 0.17 0.01 0.02 0.02 
21/12/04 20 0.14 0.12 0.28 0.29 0.20 0.23 0.02 0.04 0.15 0.18 0.01 0.03 0.03 
22/12/04 21 (3rdWk) 0.13 0.12 0.28 0.29 0.21 0.24 0.01 0.04 0.16 0.19 0.01 0.03 0.03 
23/12/04 22 0.14 0.12 0.30 0.30 0.21 0.25 0.02 0.04 0.16 0.20 0.00 0.04 0.04 
24/12/04 23 0.15 0.12 0.30 0.30 0.21 0.24 0.03 0.05 0.16 0.19 0.00 0.03 0.03 
25/12/04 24 0.14 0.12 0.30 0.31 0.21 0.25 0.01 0.05 0.16 0.19 0.01 0.03 0.04 
26/12/04 25 0.14 0.13 0.31 0.32 0.21 0.25 0.01 0.05 0.17 0.20 0.01 0.03 0.04 
27/12/04 26 0.14 0.13 0.32 0.34 0.22 0.26 0.01 0.05 0.17 0.20 0.02 0.03 0.04 
28/12/04 27 0.14 0.13 0.35 0.37 0.24 0.28 0.01 0.04 0.17 0.20 0.02 0.03 0.04 
29/12/04 28 (4thWk) 0.14 0.13 0.35 0.36 0.24 0.28 0.01 0.04 0.18 0.21 0.01 0.03 0.04 
               
Date Day (s) G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G3-G5 G9-G10 G4-G6 
30/12/04 29 0.14 0.13 0.36 0.38 0.24 0.27 0.01 0.04 0.18 0.21 0.02 0.03 0.03 
31/12/04 30 0.14 0.13 0.36 0.37 0.23 0.26 0.01 0.04 0.18 0.21 0.01 0.03 0.03 
01/01/05 31 0.14 0.13 0.35 0.37 0.23 0.26 0.01 0.04 0.19 0.22 0.02 0.03 0.03 
02/01/05 32 0.13 0.14 0.36 0.37 0.24 0.27 0.01 0.04 0.19 0.22 0.01 0.03 0.03 
03/01/05 33 0.13 0.14 0.37 0.39 0.25 0.27 0.01 0.03 0.19 0.22 0.02 0.03 0.02 
04/01/05 34 0.13 0.14 0.37 0.39 0.25 0.28 0.01 0.03 0.20 0.23 0.02 0.03 0.03 
05/01/05 35 (5thWk) 0.13 0.14 0.37 0.39 0.24 0.28 0.01 0.03 0.20 0.23 0.02 0.03 0.04 
06/01/05 36 0.13 0.14 0.37 0.39 0.24 0.28 0.01 0.03 0.20 0.24 0.02 0.04 0.04 
07/01/05 37 0.13 0.13 0.38 0.41 0.27 0.30 0.02 0.03 0.20 0.24 0.03 0.04 0.03 
08/01/05 38 0.13 0.12 0.38 0.41 0.27 0.30 0.02 0.02 0.21 0.25 0.03 0.04 0.03 
09/01/05 39 0.13 0.13 0.38 0.41 0.27 0.30 0.02 0.03 0.21 0.25 0.03 0.04 0.03 
10/01/05 40 0.14 0.14 0.37 0.40 0.27 0.30 0.01 0.03 0.21 0.25 0.03 0.04 0.03 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C4 Results of the creep displacement test for concrete joiner 
 
  Creep Displacement (mm) - refer to Figure 1 for the locations of G1 to G10 
Date Day (s) G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G3-G5 BG9-BG10 G4-G6 
28/09/05 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
29/09/05 1 0.32 0.32 0.10 0.15 0.13 0.17 0.00 0.00 0.01 0.05 0.05 0.04 0.04 
30/09/05 2 0.40 0.41 0.09 0.14 0.14 0.16 0.00 0.00 0.01 0.03 0.05 0.02 0.02 
01/10/05 3 0.50 0.51 0.09 0.13 0.13 0.17 0.00 0.00 0.01 0.05 0.04 0.04 0.04 
02/10/05 4 0.54 0.55 0.09 0.14 0.14 0.18 0.00 0.00 0.01 0.05 0.05 0.04 0.04 
03/10/05 5 0.62 0.63 0.08 0.14 0.13 0.18 0.00 0.00 0.01 0.06 0.06 0.05 0.05 
04/10/05 6 0.66 0.67 0.08 0.15 0.17 0.19 0.00 0.00 0.01 0.04 0.07 0.03 0.02 
05/10/05 7 (1st Wk) 0.69 0.69 0.07 0.12 0.15 0.19 0.00 0.00 0.01 0.06 0.05 0.05 0.04 
06/10/05 8 0.75 0.76 0.06 0.12 0.15 0.18 0.00 0.00 0.01 0.04 0.06 0.03 0.03 
07/10/05 9 0.78 0.78 0.06 0.12 0.17 0.20 0.00 0.00 0.02 0.06 0.06 0.04 0.03 
08/10/05 10 0.79 0.79 0.04 0.08 0.18 0.21 0.00 0.00 0.02 0.05 0.04 0.03 0.03 
09/10/05 11 0.81 0.81 0.03 0.09 0.19 0.21 0.00 0.00 0.02 0.05 0.06 0.03 0.02 
10/10/05 12 0.85 0.85 0.03 0.10 0.20 0.21 0.00 0.00 0.02 0.04 0.07 0.02 0.01 
11/10/05 13 0.87 0.93 0.04 0.10 0.20 0.22 0.00 0.00 0.01 0.03 0.06 0.02 0.02 
12/10/05 14 (2ndWk) 0.92 0.92 0.04 0.10 0.20 0.21 0.00 0.00 0.01 0.03 0.06 0.02 0.01 
13/10/05 15 0.95 0.96 0.04 0.10 0.19 0.20 0.00 0.00 0.01 0.03 0.06 0.02 0.01 
14/10/05 16 1.00 1.01 0.05 0.10 0.18 0.21 0.02 0.03 0.01 0.04 0.05 0.03 0.03 
15/10/05 17 1.02 1.03 0.03 0.09 0.20 0.22 0.02 0.03 0.02 0.04 0.06 0.02 0.02 
16/10/05 18 1.02 1.03 0.03 0.08 0.21 0.22 0.02 0.03 0.02 0.04 0.05 0.02 0.01 
17/10/05 19 1.00 1.01 0.01 0.07 0.21 0.22 0.02 0.03 0.03 0.04 0.06 0.01 0.01 
18/10/05 20 1.00 1.01 0.01 0.07 0.20 0.22 0.02 0.02 0.02 0.04 0.06 0.02 0.02 
19/10/05 21 (3rdWk) 1.03 1.04 0.03 0.10 0.18 0.19 0.02 0.02 0.01 0.03 0.07 0.02 0.01 
20/10/05 22 1.03 1.04 0.03 0.10 0.16 0.17 0.02 0.02 0.00 0.02 0.07 0.02 0.01 
21/10/05 23 1.04 1.05 0.03 0.09 0.16 0.16 0.02 0.02 0.00 0.01 0.06 0.01 0.00 
22/10/05 24 1.08 1.09 0.04 0.09 0.15 0.15 0.02 0.02 0.01 0.02 0.05 0.01 0.00 
23/10/05 25 1.12 1.13 0.04 0.09 0.15 0.15 0.02 0.02 0.01 0.02 0.05 0.01 0.00 
24/10/05 26 1.12 1.13 0.04 0.09 0.16 0.16 0.02 0.02 0.01 0.02 0.05 0.01 0.00 
25/10/05 27 1.16 1.17 0.03 0.09 0.15 0.16 0.02 0.02 0.01 0.02 0.06 0.01 0.01 
26/10/05 28 (4thWk) 1.20 1.21 0.04 0.10 0.16 0.17 0.02 0.02 0.01 0.02 0.06 0.01 0.01 
                
Appendix D Results of the creep displacement test for concrete joiner 
 
  Creep Displacement (mm) - refer to Figure 1 for the locations of G1 to G10 
Date Day (s) G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G3-G5 G9-G10 G4-G6 
05/05/05 0 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.01 
06/05/05 1 0.02 0.01 0.03 0.18 0.06 0.07 0.90 0.09 0.05 0.06 0.13 0.01 0.01 
07/05/05 2 0.06 0.05 0.03 0.19 0.01 0.01 0.84 0.15 0.09 0.11 0.12 0.02 0.00 
08/05/05 3 0.07 0.05 0.06 0.20 0.02 0.03 0.82 0.18 0.10 0.12 0.12 0.02 0.01 
09/05/05 4 0.09 0.07 0.08 0.22 0.04 0.05 0.80 0.20 0.12 0.14 0.12 0.02 0.01 
10/05/05 5 0.11 0.08 0.09 0.23 0.05 0.06 0.78 0.22 0.14 0.16 0.12 0.02 0.01 
11/05/05 6 0.13 0.10 0.11 0.25 0.06 0.07 0.77 0.23 0.14 0.17 0.12 0.03 0.01 
12/05/05 7 (1st Wk) 0.16 0.12 0.12 0.25 0.07 0.08 0.77 0.22 0.14 0.17 0.11 0.03 0.01 
13/05/05 8 0.17 0.14 0.12 0.26 0.08 0.09 0.75 0.24 0.15 0.18 0.12 0.03 0.01 
14/05/05 9 0.17 0.13 0.12 0.27 0.08 0.09 0.73 0.26 0.15 0.19 0.12 0.04 0.01 
15/05/05 10 0.18 0.14 0.14 0.28 0.09 0.11 0.72 0.26 0.16 0.19 0.12 0.03 0.02 
16/05/05 11 0.19 0.15 0.14 0.27 0.10 0.12 0.71 0.27 0.17 0.20 0.11 0.03 0.02 
17/05/05 12 0.20 0.16 0.16 0.27 0.11 0.13 0.71 0.28 0.17 0.21 0.10 0.04 0.02 
18/05/05 13 0.21 0.16 0.16 0.28 0.11 0.13 0.70 0.28 0.17 0.21 0.10 0.04 0.02 
19/05/05 14 (2ndWk) 0.19 0.15 0.16 0.27 0.12 0.14 0.70 0.29 0.18 0.21 0.09 0.03 0.02 
20/05/05 15 0.15 0.09 0.17 0.26 0.14 0.16 0.69 0.29 0.18 0.22 0.09 0.04 0.02 
21/05/05 16 0.11 0.06 0.16 0.28 0.13 0.15 0.69 0.29 0.19 0.22 0.09 0.03 0.02 
22/05/05 17 0.14 0.08 0.17 0.30 0.13 0.16 0.69 0.29 0.19 0.23 0.10 0.04 0.03 
23/05/05 18 0.13 0.07 0.18 0.30 0.14 0.17 0.69 0.29 0.20 0.24 0.10 0.04 0.03 
24/05/05 19 0.16 0.10 0.20 0.29 0.15 0.18 0.68 0.29 0.20 0.24 0.09 0.04 0.03 
25/05/05 20 0.11 0.06 0.19 0.30 0.15 0.16 0.67 0.30 0.20 0.24 0.09 0.04 0.01 
26/05/05 21 (3rdWk) 0.07 0.01 0.19 0.30 0.14 0.16 0.67 0.30 0.20 0.24 0.09 0.04 0.02 
27/05/05 22 0.04 0.02 0.19 0.30 0.12 0.13 0.67 0.30 0.20 0.24 0.09 0.04 0.01 
28/05/05 23 0.04 0.03 0.18 0.30 0.13 0.15 0.67 0.30 0.21 0.25 0.09 0.04 0.02 
29/05/05 24 0.02 0.04 0.20 0.31 0.16 0.18 0.67 0.30 0.21 0.25 0.09 0.04 0.02 
30/05/05 25 0.01 0.07 0.21 0.30 0.16 0.18 0.67 0.30 0.21 0.25 0.07 0.04 0.02 
31/05/05 26 0.01 0.07 0.21 0.30 0.16 0.18 0.67 0.30 0.21 0.25 0.07 0.04 0.02 
01/06/05 27 0.02 0.09 0.21 0.31 0.15 0.16 0.67 0.30 0.21 0.25 0.08 0.04 0.01 
02/06/05 28 (4thWk) 0.05 0.11 0.21 0.30 0.17 0.19 0.66 0.30 0.21 0.25 0.07 0.04 0.02 
               
Date Day (s) G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G3-G5 G9-G10 G4-G6 
03/06/05 29 0.09 0.16 0.21 0.30 0.18 0.20 0.66 0.30 0.21 0.24 0.07 0.03 0.02 
04/06/05 30 0.16 0.24 0.20 0.29 0.18 0.20 0.65 0.30 0.21 0.24 0.07 0.03 0.02 
05/06/05 31 0.18 0.26 0.20 0.28 0.18 0.20 0.65 0.30 0.21 0.24 0.06 0.03 0.02 
06/06/05 32 0.20 0.28 0.21 0.29 0.18 0.20 0.65 0.29 0.21 0.24 0.06 0.03 0.02 
07/06/05 33 0.26 0.37 0.20 0.29 0.18 0.20 0.65 0.29 0.20 0.23 0.07 0.03 0.02 
08/06/05 34 0.27 0.38 0.20 0.29 0.18 0.20 0.65 0.29 0.20 0.23 0.07 0.03 0.02 
09/06/05 35 (5thWk) 0.22 0.33 0.20 0.28 0.19 0.20 0.65 0.29 0.21 0.24 0.06 0.03 0.01 
 
